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Abstract 
In an effort to transition from fossil fuel-based production toward a more sustainable 
global energy economy, large-scale reforms to the energy infrastructure have been taking 
place in the past few years. The rapid integration of renewable energy sources in the global 
energy production scheme, along with the electrification of transport, have created a 
growing market for battery energy storage to cope with the intermittent nature of 
renewables. Metal-air batteries have recently gained renewed interest as high-energy 
density, low-cost, light-weight and environmentally friendly alternatives to the Li-ion 
batteries currently dominating the market. Among metal-air battery technologies, 
reversible zinc-air batteries are considered the closest to commercialization. However, the 
poor performance of bifunctional oxygen electrocatalysts, coupled with large 
overpotentials during charge/discharge cycles and low cyclability are all obstacles that 
limit their potential.  
In this work, two classes of materials, i.e. carbon nanotubes (CNTs) and cobalt-manganese 
spinel-type oxides were investigated as possible candidates for use as active catalyst layer 
in the air electrode of reversible zinc-air batteries. The electrocatalytic activity for oxygen 
evolution (OER) and oxygen reduction (ORR) reactions of the prepared materials was 
assessed and compared with that of state-of-the-art catalysts (Pt/C and IrO2). In an attempt 
to better understand the structural origin of the electrocatalytic activity of the materials 
investigated, common microscopic and spectroscopic characterization techniques (SEM, 
TEM, Raman, EDX, XRD, XPS) were employed. The results showed promising prospects 
for the development of efficient and stable bifunctional oxygen electrocatalysts using 
hybrids of cobalt-manganese spinel oxides and nitrogen-doped CNTs. The performance 
of these hybrids was generally found to be in good agreement with the results reported in 
literature on similar materials. New directions for the optimization of the synthetic 
methods used in this work can be furhter explored in the future in order to enhance the 
structural and electrocatalytic properties of the synthesized electrocatalysts. 
Keywords Secondary zinc-air batteries, bifunctional oxygen electrocatalysts, nitrogen-doped 
carbon nanotubes, cobalt manganese spinel oxides, oxygen evolution reaction, oxygen 
reduction reaction. 
 
  
ACKNOWLEDGEMENTS 
 
First and foremost, I would like to thank Professor Tanja Kallio for the wonderful opportunity 
to work on this exhilarating project. I am deeply grateful for having been given the chance to 
spend time on a real-life challenge relevant to my own interests and to experience the various 
stages involved in the process of scientific research. I also wish to thank Professor Kallio and 
my thesis advisor Dr Pertti Kauranen for the freedom to explore different avenues of 
experimental work. I am thankful for their guidance and excellent insights as the project took 
shape.  
I would also like to thank all my colleagues for their cheerful support and the inspiring 
discussions. On a particular note, I would especially like to thank Fatemeh Davodi for 
introducing me to electrochemical measurement techniques during an internship last summer, 
Olli Sorsa for his much-appreciated assistance with SEM and EDX analyses and for his 
patience regarding general practicalities, Marthe Buan for help with XPS analyses, and 
Christopher Thomas and Irina Aleksandrova from the department of Inorganic Chemistry for 
their assistance with XRD measurements. Friends and family played an important role in 
keeping me focussed and upbeat, too. Thank you. 
During the course of this work, I have gained new knowledge on metal-air batteries and 
electrocatalysis in general and acquired valuable skills for future research and experimentation, 
but this project has given me so much more. Among the many additional learning outcomes, 
working on this thesis helped me grow conscious of the large scientific community of people 
working hard on advancing fundamental branches of science and on developing the 
technologies for a more sustainable future. This is an empowering thought. 
To all the people involved in this project, thank you for the precious support. 
 
Grenoble 20.07.2018 
Maria Ameziane
  
5 
 
TABLE OF CONTENTS 
 
1 INTRODUCTION ................................................................................................................ 12 
1.1. Global energy trends ................................................................................................. 12 
1.2. Energy storage trends ................................................................................................ 13 
1.3. Motivation and objectives of the thesis ..................................................................... 15 
1.4. Scope and structure ................................................................................................... 16 
2 THEORETICAL BACKGROUND ...................................................................................... 18 
2.1. Thermodynamic principles of battery operation ........................................................... 18 
2.2. Metal-air batteries ......................................................................................................... 19 
2.3. General design considerations for metal-air batteries ................................................... 21 
2.4. Fundamentals of secondary zinc-air batteries ............................................................... 23 
2.4.1. Principle of operation ................................................................................................. 25 
2.4.2. Battery constituents .................................................................................................... 28 
2.4.2.1. Bifunctional air electrode .................................................................................... 28 
2.4.2.2. Reversible zinc electrode .................................................................................... 37 
2.4.2.3. Electrolyte ........................................................................................................... 39 
2.4.2.4. Separator ............................................................................................................. 41 
2.5. Secondary zinc-air battery configurations .................................................................... 42 
3 MATERIALS AND METHODS .......................................................................................... 45 
3.1. Materials synthesis ........................................................................................................ 45 
3.1.1. Preparation and N-doping of CNTs ....................................................................... 45 
3.1.2. Synthesis of Co-Mn spinel oxides ......................................................................... 47 
3.1.3. Preparation of hybrid materials .............................................................................. 49 
3.2. Electrochemical characterization methods ................................................................... 50 
3.2.1. Electrochemical impedance spectroscopy ............................................................. 50 
3.2.2. Cyclic voltammetry ................................................................................................ 51 
3.2.3. Linear sweep voltammetry ..................................................................................... 52 
3.2.4. Chronoamperometry .............................................................................................. 52 
3.2.5. Investigation of electron transfer mechanisms in ORR ......................................... 53 
3.3. Experimental setups for electrochemical characterization ........................................... 53 
3.3.1. Rotating Disc Electrode ......................................................................................... 53 
3.3.2. Gas Diffusion Electrode ......................................................................................... 55 
  
  
6 
 
3.4. Physicochemical characterization ................................................................................. 60 
3.4.1. Raman spectroscopy .............................................................................................. 60 
3.4.2. Powder X-ray diffraction ....................................................................................... 61 
3.4.3. X-ray Photoelectron Spectroscopy ........................................................................ 62 
3.4.4. Energy-Dispersive X-ray spectroscopy ................................................................. 63 
3.4.5. Scanning Electron Microscopy .............................................................................. 63 
3.4.6. Transmission Electron Microscopy ....................................................................... 64 
4 RESULTS ............................................................................................................................. 66 
4.1. RDE characterization results......................................................................................... 66 
4.1.1. Carbon nanotubes................................................................................................... 66 
4.1.2. Co-Mn spinel oxides .............................................................................................. 69 
4.1.3. Hybrids ................................................................................................................... 71 
4.1.4. Electron transfer kinetics ....................................................................................... 76 
4.2. GDE measurement results............................................................................................. 78 
4.3. Physicochemical characterization ................................................................................. 81 
4.3.1. Carbon nanotubes................................................................................................... 81 
4.3.2. Spinels .................................................................................................................... 85 
4.3.3. Hybrids ................................................................................................................... 89 
5 DISCUSSION AND CONCLUSIONS ................................................................................ 92 
5.1. Summary of findings ................................................................................................. 92 
5.2. Electrocatalyst characterization results ..................................................................... 93 
5.3. Recommendations for future work ............................................................................ 97 
5.4. General conclusions .................................................................................................. 98 
REFERENCES ........................................................................................................................ 99 
 
  
  
7 
 
LIST OF ABBREVIATIONS 
 
AGE  Alkaline Gel Electrolyte 
CE  Counter Electrode 
CNF  Carbon Nanofiber 
CNT  Carbon Nanotube 
CV  Cyclic Voltammetry 
DFT  Density Functional Theory 
EDX   Energy-Dispersive X-ray spectroscopy 
EIS  Electrochemical Impedance Spectroscopy 
EV  Electric Vehicle 
FEP  Fluorinated Ethylene Propylene 
GDE  Gas Diffusion Electrode 
GDL  Gas Diffusion Layer 
ICSD  Inorganic Crystal Structure Database 
K-L   Koutecky-Levich (plot, method) 
LSV  Linear Sweep Voltammetry 
MWNT Multi-Walled (Carbon) Nanotube 
NHE  Normal Hydrogen Electrode 
N-M-C Nitrogen-Metal-Carbon (catalyst) 
OER  Oxygen Evolution Reaction 
ORR  Oxygen Reduction reaction 
PA  Polyamide 
PAA  Polyacrylic Acid 
  
8 
 
PANi  Polyalanine (emeraldine salt) 
PE  Polyethylene 
PEI  Polyetherimide 
PGM  Platinum Group Metal 
PP  Polypropylene 
PTFE  Polytetrafluoroethylene 
PV  Photovoltaic 
PVA  Polyvinyl Alcohol 
PVDF  Polyvinylidene Fluoride 
RE  Reference Electrode 
RHE  Reversible Hydrogen Electrode 
RTIL  Room-Temperature Ionic Liquid 
SATP  Standard Ambient Temperature and Pressure 
SEM  Scanning Electron Microscopy 
TEM  Transmission Electron Microscopy 
WE  Working Electrode 
XPS  X-ray Photoelectron Spectroscopy 
 
 
 
 
  
  
9 
 
LIST OF TABLES AND FIGURES 
 
Tables 
 
Table 1. Characteristics of various metal-air cells. 
Table 2. Synthesis details for prepared Co-Mn spinel oxides. 
Table 3. Measurement protocol for RDE characterization. 
Table 4. Measurement protocol for GDE characterization. 
Table 5. Potentials applied to the GDE in chronoamperometric measurements. 
Table 6. XPS results in atomic percentages for selected elements. 
Table 7. Atomic percentages of nitrogen moieties for NCNTs and O3-NCNTs. 
 
Figures 
 
Figure 1. Diagram illustrating the objectives of this work. 
Figure 2. Schematic illustration of a secondary zinc-air battery. 
Figure 3. Illustration of a carbon-based GDL and the active catalyst layer. 
Figure 4. Schematic illustration of a single-walled CNT and a multiwalled CNT. 
Figure 5. Schematic steps of ozone-induced structural changes in MWNTs.  
Figure 6. Schematic illustration of various zinc-air battery designs. 
Figure 7. Schematic illustration of the synthesis of N-CNTs. 
Figure 8. Illustration of the steps for Co-Mn spinel synthesis. 
Figure 9. Schematic illustration of the two methods used to synthesize spinel-CNT hybrids. 
  
10 
 
Figure 10. Illustration of resistive losses in a simple electrochemical system. 
Figure 11. Rotating disk electrode setup. 
Figure 12. Gas diffusion electrode setup. 
Figure 13. Components of a gas diffusion electrode. 
Figure 14. Elastic and inelastic scattering of electromagnetic waves by molecules. 
Figure 15. Schematic of Bragg’s diffraction by crystal planes.  
Figure 16. Emission of a 1s photoelectron when excited by an X-ray photon. 
Figure 17. The interaction zone of electrons and atoms in a sample. 
Figure 18. RDE results for pristine CNTs, NCNT and O3 pre-treated NCNTs. 
Figure 19. Comparison of RDE results of NCNTs and O3 pre-treated NCNTs. 
Figure 20. CVs of pristine CNTs, N-doped CNTs and O3 -pretreated CNTs. 
Figure 21. Comparison of RDE results of cobalt-manganese spinel oxides. 
Figure 22. CVs of the best-performing spinel oxides for OER and ORR. 
Figure 23. RDE results for physical spinel-CNT mixtures. 
Figure 24. RDE results for spinel-CNT composites. 
Figure 25. Comparison of RDE results of physical spinel-CNT mixtures and spinel-CNT 
composites. 
Figure 26. CVs of physical spinel-CNT mixtures and spinel-CNT composites. 
Figure 27. Koutecky-Levich plots. 
Figure 28. Koutecky-Levich plots of hybrid catalysts. 
Figure 29. Chronoamperometric response curves of c-Co2Mn + O3-NCNT physical mixture 
and reference Pt/C. 
Figure 30. Picture of GDE setup after stability test.  
Figure 31. Raman spectra of CNTs at different stages of functionalization. 
Figure 32. XPS spectra of CNTs at different stages of functionalization. 
  
11 
 
Figure 33.  N1s XPS spectra of NCNTs. 
Figure 34. TEM images of O3-treated NCNT-A. 
Figure 35. SEM images of t-CoMn2O4 and c-Co2MnO4 spinels. 
Figure 36. EDX results for t-CoMn2 spinel oxides. 
Figure 37. EDX results for c-Co2Mn spinel oxides. 
Figure 38. XRD spectra of t-CoMn2O4 and c-Co2MnO4 spinels. 
Figure 39. SEM images of synthesized spinel-CNT hybrid electrocatalysts. 
Figure 40. TEM images of synthesized spinel-CNT hybrid electrocatalysts. 
  
  
12 
 
1 INTRODUCTION 
 
In recent years, concerns over the impact of anthropogenic activities on the environment, 
combined with the rapid depletion of fossil-based energy resources have caused a paradigm 
shift in power production, use and management practices. Many factors have been found to 
contribute to the reform of energy systems globally and are primarily motivated by the need to 
create new models that favour the transition to low-carbon economies, the mitigation of air 
pollution, energy security and the improvement of energy efficiency among other aspects. [1]  
 
1.1. Global energy trends 
 
Clean energy technologies such as solar and wind have gained considerable traction in the past 
decade and are currently being deployed globally at an unprecedented rate. Conventional 
utility-scale power generation and transmission schemes are being substituted by smaller, 
decentralized power production and consumption models at the local level. [2] For the first time 
in history, 2013 marked the year where the share of newly installed electricity production 
capacity from solar and wind exceeded that from coal, natural gas and oil combined [3].  This 
trend is projected to persist in the next few decades as the price of new renewable energy 
installations continues to decrease and the electrification of energy on the consumer side 
continues to grow. [2]  
The costs of new solar photovoltaics (PV) and wind power have dropped dramatically since 
2010, with an overall 70% reduction in the price of PV and 25% reduction for wind. [2] 
According to one scenario described in the World Energy Outlook 2017, two-thirds of global 
investments in power plants will be directed to power generation from renewables by 2040. 
The fast-paced growth of the solar PV network - especially in China and India – will help solar 
gain terrain and become the single largest form of low-carbon energy production. In this same 
scenario, the share of renewable energy production is expected to reach 40% globally. In the 
European Union, 80% of new installed capacity will be delivered from renewables and wind 
power will become the largest source of electricity after 2030. Electricity will be the most 
significant end-use of primary energy by 2040, contributing by up to 40% to the increase in 
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final energy consumption. In addition to its conventional end-use sectors, the consumption of 
electricity will be increasingly directed toward heat generation and the electrification of 
transport, with the global electric vehicle fleet projected to reach nearly 300 million vehicles 
by 2040, from a mere 2 million today. [2] In 2016, EV sales grew by 40% compared to the 
previous year with over 750 000 plug-in EVs sold globally, setting a new record for the 
electrification of the transport sector. [1] Their large-scale deployment is set on a positive 
trajectory in the near-future, with recent reports claiming that electric vehicles will become 
more affordable than internal-combustion cars as early as 2022 [3,4]. This is especially important 
because the transport sector currently accounts for an estimated 23% of energy-related CO2-
emissions worldwide, and the electrification of mobility would have a tangible impact on the 
decarbonization of the transport sector [1]. 
As renewable energy production becomes more prominent in the global energy mix, the need 
for increased energy storage capacity to manage flexibility is expected to upsurge, making 
energy storage a central piece of the puzzle in facilitating the sustainable energy transition.  
Renewable energy sources often have a fluctuating, intermittent profile. At times, these sources 
generate a surplus of energy that needs to be stored for use at a later stage, or else, the excess 
production is curtailed and lost. In this context, energy storage can be used to help balance 
energy production and consumption, increase energy utilization and hence the overall 
efficiency of a system, in addition to decreasing the cost of energy production. [5] 
The integration of battery storage in electricity schemes can be beneficial on multiple levels. 
From one perspective, batteries can provide a local source for time-varying real-time demand. 
In addition, their use can help decrease the need for additional generation, transmission and 
distribution of power. Moreover, batteries can alleviate the negative effects of variable energy 
sources such as wind and solar by providing ancillary services such as fast-response frequency 
control and backup power capabilities in case of power outages. [5,6]  
 
1.2. Energy storage trends 
 
In a recently published report by the International Energy Agency, storage technologies were 
found to be a rapidly growing sector with fast scale-up in deployment thanks to favourable 
policies, technological developments and a steep reduction in battery prices [1]. Since 2010, the 
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price of batteries has plummeted by 40% [2], with lithium-ion technologies currently accounting 
for the fastest growth in market share. In 2016, the total installed storage capacity worldwide 
reached almost 1 GW of aggregated capacity, with an increase of non-pumped hydro storage 
exceeding 50% annual growth. According to a recently released report by Bloomberg New 
Energy Finance [7],  the global energy storage market is set to “double six times” between 2016 
and 2030, increasing from a modest 5 GWh to over 300 GWh of installed capacity worldwide. 
As for the geographic distribution of global energy storage capacity, eight countries are 
projected to account for 70% of the global installed capacity by 2030: The United-States, 
China, Japan, India, Germany, the United Kingdom, Australia and South Korea. The main 
factor contributing to added storage capacity in these countries will be the need for increased 
grid flexibility due to the large penetration of renewables in the energy mix. [7] 
Moreover, the rapid growth of energy storage technologies creates new investment 
opportunities, especially in the area of integrated renewables and storage [7,8]. An additional 
$103 billion in investments is projected for energy storage between 2016 and 2030 [7]. For 
example, the International Finance Corporation has recently invested in energy storage 
companies such as Microvast (a manufacturer of fast-charging lithium-ion batteries), Fluidic 
Energy (a producer of zinc-air batteries for telecommunications) and AST (a company that 
provides integrated PV-battery systems for telecommunications) [8]. 
The prospects for battery storage technology seem unanimous: the rapid growth of renewable 
energy markets and the resulting need for increased grid flexibility and energy security, the 
undebatable importance of portable consumer electronics and the fast electrification of 
transport and other sectors of human activity, all paired with the urgency of climate change 
mitigation through emissions management and reduction are factors that highlight the vital role 
of energy storage in the present and in the decades to come.  
Owing to these factors, the development of more efficient battery chemistries that can deliver 
both higher energy and power densities than currently available batteries is of critical 
importance in the quest for a more sustainable energy system globally. Moreover, aspects 
concerning the stability and sustainability of the battery materials themselves have to be taken 
into account to achieve this goal. 
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1.3. Motivation and objectives of the thesis 
 
Secondary metal-air batteries have recently attracted renewed interest due to a number of 
advantages in terms of battery performance that could potentially, if the remaining technical 
issues are addressed efficiently, revolutionize the battery industry and all areas of application. 
Metal-air batteries have significantly higher energy densities than currently commercialized 
Li-ion batteries, they are low cost, light-weight, environmentally friendly and highly 
recyclable. In addition, metal-air batteries typically have a long shelf-life if stored adequately, 
can function properly at low operating temperatures and have a flat discharge profile. Among 
metal-air batteries, zinc-air batteries are considered the closest to large-scale 
commercialization. [9-12] 
Zinc-air batteries are far from being a novel technology, as first models reach as far back as the 
late 19th century [13]. Primary Zn-air batteries were first commercialized in the 1930s and are 
still popular for medical and telecommunications applications today. Owing to their light 
weight and high energy density, zinc-air batteries could potentially significantly help extend 
the use of portable electronics on a single charge. In addition, zinc-air batteries are being 
investigated for various other applications ranging from utility-scale energy storage to 
powering electric vehicles. [12] 
However, several challenges common to most metal-air batteries persist. The major remaining 
obstacles are typically related to poor catalytic efficiencies for ORR and OER, high 
overpotentials, low cycle life and rapid cell degradation caused by CO2 contamination. 
[10-12, 14-
17] Therefore, battery chemistries must be improved before the potential of metal-air batteries 
can be fully unleashed. 
This thesis work attempts to address some of the challenges associated with Zn-air batteries 
from a materials engineering perspective. The main goal of this thesis was to develop efficient 
and stable PGM-free bifunctional oxygen reduction and oxygen evolution electrocatalysts for 
use as positive electrode material in zinc-air battery applications.  
The primary focus in material development was on carbon nanotubes and cobalt-manganese 
spinel oxides. The properties of these materials are discussed in more detail in Chapter 2. 
The objectives of this work (Fig. 1) can be divided into five subsections reflecting the different 
stages of the research process:  
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(1) Materials synthesis - to synthesize efficient bifunctional electrocatalysts for OER and ORR 
in alkaline media;  
(2) Electrochemical activity screening - to assess the electrochemical activity of the 
synthesized materials using suitable electrochemical characterization methods; 
(3) Stability testing - to evaluate the stability of the best-performing synthesized material by 
subjecting it to chronoamperometric cycling in a half-cell GDE setup; 
(4) Physicochemical characterization - to analyse the structure and composition of synthesized 
materials using appropriate physicochemical characterization methods; 
(5) Understanding mechanisms of action - to attempt to uncover the mechanisms behind the 
electrocatalytic activity of synthesized materials by observing activity trends in order to further 
improve the efficiency of PGM-free bifunctional catalysts for zinc-air batteries. 
 
 
Figure 1. Diagram illustrating the objectives of this work. 
 
 
1.4. Scope and structure 
 
Due to their outstanding electrochemical properties and exceptional stability [10], carbon 
nanotubes were chosen to fulfil the dual function of electrocatalyst and support material for the 
synthesis of bifunctional oxygen electrocatalysts in alkaline media. Cobalt-manganese spinel 
oxides, on the other hand, were chosen in the light of several recently published articles [18-27] 
showing excellent electrocatalytic activity of such materials for both oxygen reduction and 
oxygen evolution reactions.  
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The materials synthesized and electrochemically characterized consist of pristine carbon 
nanotubes, nitrogen-doped carbon nanotubes with and without ozone pre-treatment, cobalt-
manganese spinel oxides of different cobalt-to-manganese ratios, and hybrids of spinels and 
carbon nanotubes (physical mixtures and composites). These materials were benchmarked 
against state-of-the-art materials for OER and ORR in alkaline media, i.e. IrO2 and 20 wt-% 
Pt/C, respectively. 
The electrocatalysts synthesized in this work were primarily developed for use in electrically 
rechargeable (secondary) zinc-air batteries. The electrochemical activity of the synthesized 
materials was assessed using a half-cell fuel cell setup, either using a RDE or a GDE as working 
electrode. 
This thesis is organized along four main chapters: Theoretical Background (Chapter 2), 
Materials and Methods (Chapter 3), Results (Chapter 4), and Discussion and Conclusions 
(Chapter 5). 
In Chapter 2, the main concepts and electrochemical notions related to battery operation and 
the fundamentals of metal-air batteries are introduced. Secondary zinc-air batteries are 
discussed in the light of their development timeline and likely future directions. The 
electrochemical reactions taking place upon charge and discharge are presented along with a 
description of their typical architectures, commonly used battery constituents and materials, 
important design considerations and the central challenges limiting their deployment. In 
Chapter 3, the experimental methodology at different stages of the study is outlined and 
explained in detail. The results of the experimental part of this work are presented in  
Chapter 4. Finally, Chapter 5 presents a summary of the most important research outcomes 
gathered during this work. In this chapter, the significance of the obtained experimental results 
is discussed in relation to available literature, and potential new directions for future research 
work in the same field are identified. 
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2 THEORETICAL BACKGROUND 
 
2.1. Thermodynamic principles of battery operation 
 
Batteries are electrochemical systems that convert chemical energy into electrical current 
through oxidation and reduction reactions occurring at the battery’s electrodes. The maximum 
theoretical energy contained in the system depends on the change in free energy, denoted ΔG, 
of the electrochemical couple in a given battery system. [9,28] 
Electrode reactions are typically expressed as reduction half-reactions for each electrode. At 
rest, each electrode has a standard electrode potential E0 expressed in relation to the normal 
hydrogen electrode (NHE). The cell potential for a system in equilibrium is theoretically 
defined as the difference in the standard electrode potentials of each electrode and determines 
the maximum power that a battery can supply. [9,28] 
The change in standard free energy ΔG0 of a battery cell can be described by the following 
equation: 
∆𝐺0 = −𝑛𝐹𝐸0       (1) 
Where 𝐹 is the Faraday constant, 𝐸0 is the standard cell potential and 𝑛 is the number of 
electrons transferred. The change in standard free energy ∆𝐺0of an electrochemical cell 
determines the tendency of an electrochemical reaction to take place. In other words, it is a 
measure of the capacity of a battery to deliver electrical energy through an external circuit. [9,28] 
When standard state conditions cannot be applied, the voltage 𝐸 of the cell can be described 
by the Nernst equation as follows: 
𝐸 = 𝐸0 −
𝑅𝑇
𝑛𝐹
∑ 𝑣𝑖 ln 𝑎𝑖       (2) 
Where 𝑣𝑖 are stoichiometric numbers of redox species and 𝑎𝑖 is the activity of the redox species. 
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2.2. Metal-air batteries 
 
In metal-air battery configurations, the electrochemical reactions that generate current involve 
oxygen gas and require an open cell structure that enables direct exposure to the atmosphere. 
This structure is essential to the metal-air battery operation, as the cathode reagent (air) resides 
outside the battery. Metal-air batteries are composed of a metal anode, an ionically conducting 
electrolyte and an air cathode which is often made of a porous gas diffusion layer and an 
electrocatalytically active material to enhance reaction efficiencies. Catalyst materials are 
especially important in metal-air battery systems because they can considerably improve 
overall battery performance by increasing cell discharge voltage and specific energy density 
within the cell, in addition to controlling reaction rates and formation of the reaction product. 
As air is, in principle, an unlimited reactant, the battery capacity is essentially dictated by the 
metal anode. [10,11] The most common metal-air batteries are aluminium-air (Al-air), Lithium-
air (Li-air), Magnesium-air (Mg-air) and Zinc-air (Zn-air) batteries. Among these air-battery 
types, Al-air batteries have the highest theoretical volumetric capacity (8.1 Ah/cm3). Lithium, 
on the other hand, has the largest energy density per unit of weight (3.86 Ah/g) and can achieve 
the highest theoretical cell voltage (3.4V). Zn-air batteries are, however, considered the most 
mature type of metal-air battery, primarily due to lower corrosion rates of zinc in alkaline 
electrolytes in comparison to aluminium, and lesser concerns over cell stability and operational 
safety when compared to Li-air batteries [16]. In addition, Zn-air battery systems have a 
moderately high volumetric energy density of 5.8 (Ah/cm3) [11] and a theoretical specific energy 
density of 1.3 kWh/kg [9,29]. The characteristics of various metal-air battery cells are collected 
in Table 1. The theoretical cell voltage refers to the cell voltage with an oxygen cathode. 
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Table 1. Characteristics of various metal-air cells. [9] 
Metal anode Equivalent 
(Ah g-1) 
Equivalent 
(Ah cm-3) 
Theoretical 
specific 
energy 
(kWh/kg) 
Theoretical 
cell voltage 
(V) 
Practical 
cell voltage 
(V) 
Al 2.98 8.1 8.1 2.7 1.3 
Li 3.86 2.1 11.4 3.4 2.4 
Mg 2.2 3.8 6.8 3.1 1.3 
Zn 0.82 5.8 1.3 1.6 1.1 
 
Certain types of metal-air batteries can be rechargeable if the catalyst used in the air electrode 
enable a reversible reaction, i.e. the oxidation of the metal oxide complex formed during 
oxygen reduction back to the metal cation and oxygen gas upon recharge. Here, the metal oxide 
refers to a compound that may be a metal oxide, a metal peroxide, or a metal forming a complex 
with both oxygen and the electrolyte. This process must preserve the chemical and structural 
properties of the air electrode in order to allow further cycling of the battery. [11] 
The requirements for catalyst materials used in primary and secondary metal-air batteries differ 
significantly. In the case of primary metal-air batteries, the main role of the catalyst is to 
facilitate the oxygen reduction reaction. The design of air electrodes for primary metal-air 
batteries is relatively simple, as the battery only needs to operate in discharge mode. For 
rechargeable metal-air batteries, the catalyst must be bifunctional, i.e. capable of driving the 
reaction in the reverse direction by converting the metal oxide complex formed during 
discharge back to metal cations and evolving oxygen gas during the recharge process. [11] 
Meeting the requirements for bifunctional catalysts can be tricky, as during battery cycling, the 
catalyst must be selective enough to only catalyse the desired reactions without compromising 
the performance of other battery components by modifying their structural or chemical 
properties. [9,11] 
Typically, electrolytes used in metal-air batteries are neutral or alkaline aqueous solutions. 
Ideally, the general reactions governing charge and discharge cycles in metal-air batteries can 
be written as follows: 
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The half-cell reaction that occurs at the air electrode upon discharge is  
𝑂2 + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−       (3) 
The half-cell reaction at the metal anode typically is 
𝑀 → 𝑀𝑛+ + 𝑛𝑒−        (4) 
Therefore, the overall discharge reaction of the battery is 
𝑀 + 𝑛𝑂2 + 2𝑛𝐻2𝑂 → 4𝑀(𝑂𝐻)𝑛      (5) 
In practice, however, the metal anode may also react with the water molecules present in the 
electrolyte and cause parasitic reactions to occur, causing corrosion at the anode-electrolyte 
interface and a subsequent loss of battery capacity.  
The parasitic reaction of the metal and the electrolyte can be written as follows: 
𝑀 + 𝑛𝐻2𝑂 → 𝑀(𝑂𝐻)𝑛 +
𝑛
2
H2      (6) 
 
2.3. General design considerations for metal-air batteries 
 
Metal-air batteries can be robust systems, as they have been reported to operate over an 
exceptionally large range of environmental conditions. For instance, metal-air batteries have 
been shown to retain functionality at temperatures down to -20°C with non-aqueous 
electrolytes. As for oxygen availability, the operation of metal-air batteries has been 
demonstrated in pure oxygen, air (~20% oxygen) and even immersed in sea water, where the 
concentration of dissolved oxygen is about 10-40 ppm. Moreover, atmospheric pressures of up 
to 3 atm have been used to increase the availability of oxygen. [11] However, several factors 
may affect the performance of air-batteries. These factors need to be taken into account in the 
design of metal-air batteries. The most important design-related aspects are briefly described 
below: 
Polarization – When used in high-power applications, metal-air batteries suffer a sharper 
voltage drop due to diffusion-related issues at the air electrode. Due to this aspect, metal-air 
batteries are seen as more suitable for low to moderate power applications. [11] 
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Electrolyte carbonization - Due to the direct exposure to the atmosphere, metal-air batteries 
can absorb carbon dioxide. The electrolyte can react with carbon dioxide and produce 
carbonate crystallites at the air electrode, which in turn can obstruct air channels and block 
access of air into the cell. This undesired reaction can be detrimental to the battery performance. 
[11] 
Water transpiration – Due to the open cell structure, differences in partial pressures of water 
vapor between the inside of the battery cell and its surroundings can lead to water loss, increase 
in the electrolyte concentration and drying of the cell, causing it to fail prematurely. On the 
other hand, if excess water enters the cell, flooding of the air electrode can become an issue 
that can potentially lead to electrode polarization if air cannot reach the reactive sites. [11] 
Efficiency – At moderate temperatures, a significant overpotential has to be applied to reach 
reversibility during charge and discharge processes, resulting in a 0.2V difference between the 
reversible potential and the operational voltage. This causes a loss of overall energy efficiency 
of the cell. [11] 
Charging - High voltages need to be applied in order to recharge a metal-air battery, which can 
be detrimental to the integrity of battery materials and lead to their early degradation. [11] 
Air flow - Another important design aspect to consider for metal-air batteries is the regulation 
of the air flow into and out of the battery cell. It is essential that the air flow be adapted to the 
application in question, as excessive air flow could lead to drying out of the cell, while too little 
air will cause a drop in cell performance. [9] 
Temperature – Typically, low temperatures generally may incur losses in battery performance 
whereas excessively high temperatures can irreversibly alter the battery chemistry, rendering 
it unsuitable for further use. [11] 
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2.4. Fundamentals of secondary zinc-air batteries 
 
Due to technical challenges, zinc-air batteries were not commercialized until the 1930s 
although the first account of a zinc-air battery dates back to the late 19th century [13]. In 1932, 
Heise and Schumacher manufactured a primary zinc-air battery model consisting of an alkaline 
electrolyte and a porous carbon-air electrode permeated with wax to avoid flooding of the cell. 
Minor changes have been made to the original design since, and the design is still being 
employed in the construction of large, industrial scale zinc-air batteries up to this day. These 
batteries are mainly found in telecommunications applications for railway signalling, seismic 
telemetry, navigational buoys and remote communication devices. [9]  
Multiple companies have recently developed and commercialized secondary zinc-air batteries. 
Some of the most notable zinc-air battery manufacturers are EOS Energy Storage, Fluidic 
Energy and ZincNyx Energy Solutions. These companies have deployed utility scale storage 
installations for purposes like grid storage, backup power and renewables integration. 
Moreover, these installations have offered competitive energy prices comparable to or even 
lower than lithium-ion batteries. These achievements are especially remarkable given the fact 
that zinc-air battery manufacturing is still at its infant stage and far from having reached its full 
potential. [14] 
Secondary zinc-air batteries can be mechanically or electrically recharged. Mechanically 
rechargeable batteries require mechanical regeneration of the zinc electrode, also referred to as 
refuelling. This process involves the addition of more zinc metal into the battery system as the 
battery is operated and the anode gradually consumed. This concept has been proposed for use 
in EVs in the past but was never widely implemented due to the high investment costs required 
to establish an efficient network of zinc supply stations. [14,30] 
For electrically rechargeable batteries, an external voltage is applied to drive the 
electrochemical reactions taking place at the zinc electrode and the air electrode in the reverse 
direction. The requirements for air electrodes in mechanically and electrically rechargeable 
batteries differ significantly. As in the case of primary zinc-air batteries, the catalyst’s primary 
function in mechanically rechargeable zinc-air batteries is to facilitate a single reaction, ORR. 
In contrast, the air electrode in electrically rechargeable zinc-air batteries is required to host 
both ORR and OER, which is a more complex task to achieve and necessitates a bifunctional 
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catalyst that can efficiently catalyse both forward and reverse reactions, in addition to being 
stable under harsh conditions. 
This chapter’s main focus is on electrically rechargeable zinc-air batteries and bifunctional 
catalysts for zinc-air batteries. From this point on, the terms “electrically rechargeable” and 
“secondary” are used interchangeably when referring to electrically rechargeable zinc-air 
batteries, unless otherwise stated. 
Typically, secondary zinc-air batteries are comprised of four main components: (1) an air 
electrode composed of a gas diffusion layer and a bifunctional electrocatalyst layer, (2) a zinc 
electrode, (3) an electrolyte and (4) a separator. [14] A schematic illustration of a typical 
secondary zinc-air battery architecture is shown in Fig. 2. 
 
Figure 2. Schematic illustration of a secondary zinc-air battery. 
 
In the following section, the fundamental principles governing the operation of secondary zinc-
air batteries are reviewed. 
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2.4.1. Principle of operation  
 
The overall performance of a zinc-air battery is tightly linked to the efficiency of oxygen 
reduction and oxygen evolution reactions at the air electrode. The slow oxygen reaction 
kinetics and low reversibility are often seen as the most important limitations to the 
development of efficient rechargeable zinc-air batteries. [20] 
The chemical reactions taking place in a secondary zinc-air battery during discharge are 
described by the following reactions: 
Reactions at the zinc electrode 
𝑍𝑛(𝑠) + 4 𝑂𝐻(𝑎𝑞)
− → 𝑍𝑛(𝑂𝐻)4(𝑎𝑞)
2− + 2 𝑒−  (E0= -1.25 V vs. SHE) (7) 
𝑍𝑛(𝑂𝐻)4(𝑎𝑞)
2− → 𝑍𝑛𝑂(𝑠) + 2 𝑂𝐻(𝑎𝑞)
− + 𝐻2𝑂(𝑎𝑞)     (8) 
Reaction at the air electrode (four-electron pathway) 
𝑂2(𝑔) + 2 𝐻2𝑂(𝑎𝑞) + 4 𝑒
− → 4 𝑂𝐻(𝑎𝑞)
−
  (E0= +0.401 V vs. SHE)         (9) 
Reaction at the air electrode (two-electron pathway) 
𝑂2(𝑔) + 2 𝐻2𝑂(𝑎𝑞) + 2 𝑒
− → 𝐻𝑂2(𝑎𝑞)
− +  𝑂𝐻(𝑎𝑞)
−
               (10) 
      (E0= -0.07 V vs. SHE) 
𝐻𝑂2(𝑎𝑞)
− + 𝐻2𝑂(𝑎𝑞) + 2 𝑒
− → 3 𝑂𝐻(𝑎𝑞)
−
                 (11) 
      (E0= +0.87 V vs. SHE) 
Overall reaction 
2 𝑍𝑛(𝑠) +  𝑂2(𝑔) →  2 𝑍𝑛𝑂(𝑠)    (cell potential ΔE
0= 1.65 V) (12) 
 
Upon discharge, zinc at the anode oxidizes into Zn(OH)4
2- ions and electrons are released into 
the external circuit for power consumption. As the concentration of Zn(OH)4
2- increases and 
the compound reaches its solubility limit in the electrolyte, ZnO precipitates start to form, 
producing a white insulating powder. At the air electrode, oxygen diffuses into the electrode 
as a result of the pressure difference between the inside of the cell and its surroundings. Oxygen 
is then reduced by the electrolyte and results in the production of hydroxide ions. The reaction 
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is facilitated by the electrocatalyst present in the electrode. The reaction takes place at the 
interface between the solid catalyst surface, the liquid electrolyte, and oxygen gas. Due to the 
presence of three distinct phases at the reaction site, it is often referred to as a triple-phase 
boundary. [14,16,20] The reactions at both electrodes during battery discharge are spontaneous 
and produce a theoretical voltage of 1.65 V. In practice, however, the working voltage of a 
zinc-air battery cell is less than the theoretical voltage, typically less than 1.2 V. This drop is 
due to internal losses of the cell associated with activation, ohmic and concentration losses. For 
the same reasons, a large voltage of 2.0 V or higher is required for driving the electrochemical 
reactions in the reverse direction during charging. As a result, secondary zinc-air batteries 
generally have a poor round-trip efficiency in the order of 60% or less. [15,16,31] 
In theory, catalysts are not required for oxygen reduction at the air electrode, but due to the 
slow ORR kinetics, catalysts play a central role in improving reaction rates and subsequently 
in yielding better overall battery performance. [11,12,14] It is believed that ORR can proceed via 
two distinct scenarios: a two-electron pathway (equ.10 and equ.11) and a direct four-electron 
pathway (equ.9). The four-electron pathway is more desirable because it avoids the formation 
of corrosive intermediary peroxide species formed via the two-electron pathway (the rate-
determining step) and has a higher energy efficiency. [15,16] Noble metal catalysts are thought 
to facilitate ORR through the faster, four-electron pathway whereas the two-electron pathway 
has typically been associated with carbon-based materials [15]. 
Recent computational simulations using density functional theory (DFT) have pointed out that 
the ORR pathway is a structure-dependent process that is sensitive to surface geometry, 
specific crystal structure and composition, electronic structure and O2 adsorption sites. 
[20] 
In secondary ZABs, the reverse reactions take place upon electrical recharge, i.e. zinc metal 
is recovered at the anode and oxygen is evolved at the air electrode: 
Reactions at the zinc electrode 
𝑍𝑛𝑂(𝑠) + 𝐻2𝑂(𝑎𝑞) + 2 𝑂𝐻(𝑎𝑞)
− →  𝑍𝑛(𝑂𝐻)4(𝑎𝑞)
2−
              (13) 
𝑍𝑛(𝑂𝐻)4(𝑎𝑞)
2− + 2 𝑒− → 𝑍𝑛(𝑠) + 4 𝑂𝐻(𝑎𝑞)
−
               (14) 
Reaction at the air electrode (four-electron pathway) 
4 𝑂𝐻(𝑎𝑞)
− →  𝑂2(𝑔) + 2 𝐻2𝑂(𝑎𝑞) + 4 𝑒
−                (15)
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Overall reaction 
𝑍𝑛𝑂(𝑠) → 2𝑍𝑛(𝑠) + 𝑂2(𝑔)                  (16) 
 
Due to the open cell structure and intrinsic material properties of commonly used zinc-air 
battery components, a number of undesired reactions can take place during battery cycling. 
These parasitic reactions can have a detrimental effect on battery performance, namely 
resulting in slower oxygen reaction kinetics, electrode degradation and passivation, and 
eventually battery failure. The parasitic reactions are listed below: 
 
Hydrogen evolution at the zinc electrode 
 𝑍𝑛(𝑠) + 2 𝐻2𝑂(𝑎𝑞) → 𝑍𝑛𝑂(𝑠) + 𝐻2(𝑔)
↑               (17)
  
Production of potassium carbonate 
2 𝐾𝑂𝐻(𝑎𝑞) + 𝐶𝑂2(𝑔) → 𝐾2𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑎𝑞)               (18) 
 
The standard reduction potential for the Zn/ZnO pair is lower than the potential for evolving 
hydrogen (-1.25 V and -0.83 V vs SHE at pH 14, respectively). This difference implies that the 
hydrogen evolution reaction is thermodynamically more favourable, resulting in zinc electrode 
corrosion (equ.17). This mechanism is the reason behind self-discharge of the battery over time 
and causes a decrease of the active material utilization and internal pressure build-up within 
the cell. [12,14,16] Although this phenomenon is difficult to inhibit completely, zinc-air batteries 
have a relatively low self-discharge rate. When stored properly, a sealed zinc-air battery will 
only suffer a 2% loss in capacity over the span of one year. [20] The actual rate of hydrogen 
evolution is dictated by the exchange current density and the Tafel slope on the zinc electrode 
surface, which have been found to be in the order of 10-5 mA/cm2 at the standard Zn/ZnO 
reduction potential and 124 mV/dec, respectively. However, the formation of ZnO during 
discharge can contribute to higher self-discharge rates as a result of the lower HER 
overpotential of ZnO. [14] Strategies to minimize hydrogen evolution are briefly discussed later 
in this chapter. 
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Due to the open cell design, one of the major challenges concerning zinc-air batteries is the 
sensitivity of the alkaline electrolyte to CO2 present in the atmosphere. The reaction presented 
in equ.18 occurs when CO2 in the air penetrates the cell and undergoes a carbonation reaction 
with the alkaline electrolyte. This reaction can lead to alterations in electrolyte composition 
and interfere with the desired OER and ORR reactions. The by-product of this reaction, 
potassium carbonate, can deposit onto the surface of the air electrode and cause clogging of the 
pores, which in turn limits the access of oxygen to reaction sites and affects battery 
performance. [14] 
 
2.4.2. Battery constituents 
 
2.4.2.1. Bifunctional air electrode 
 
The main purpose of the bifunctional air electrode is to provide a single-structure solution to 
the facilitation of ORR and OER during battery charging and discharging, respectively. In 
simple terms, the air electrode consumes oxygen when the battery is discharged and generates 
oxygen when it is charged. The air electrode is often seen as the most critical component to 
battery performance as the choice of the active material can have a major effect on the round-
trip efficiency by lowering overpotentials for the oxygen evolution and reduction reactions and 
improving reaction kinetics. Justifiably, a large body of research has been devoted to the 
development and optimization of bifunctional and durable electrocatalysts for the air electrode 
in reversible metal-air systems, including electrically rechargeable zinc air batteries. [12,14] 
As the solubility and diffusivity of oxygen are much lower for the dissolved form as compared 
to oxygen in the gas phase, an air electrode that enables direct reduction of O2 from the gas 
phase is highly desirable [15]. Typically, the air electrode architecture consists of two 
functionally distinct layers: (1) a hydrophobic gas diffusion layer and (2) a catalytic active 
layer.  These two components are discussed in more detail in the following two sections. In the 
section discussing the active catalytic layer, special attention has been given to materials 
investigated in this work, i.e. N-doped CNTs and Co-Mn spinel oxides.  
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Gas diffusion layer 
 
The gas diffusion layer (GDL) fulfils multiple functions that are critical to the performance of 
the air electrode. First, the GDL offers mechanical support for the active catalyst layer and 
provides a conductive platform for current collection. In addition, it must facilitate the fast and 
uniform air circulation to/from the active catalyst layer. Moreover, the GDL should act as a 
liquid-impermeable barrier that effectively prevents the electrolyte from leaking out of the cell. 
Finally, it must remain electrochemically stable under large potential fluctuations and tolerate 
highly alkaline conditions. [12,14] 
For these reasons, the GDL must be thin, highly porous and hydrophobic. GDLs are typically 
prepared using polyacrylonitrile-based carbon fibres of different hydrophobic properties on 
each side of the layer. The side exposed to air is highly hydrophobic and comprises large pores 
to allow the fast diffusion of oxygen into the cell. The opposite side of the GDL - onto which 
the catalyst layer is deposited - is typically mildly hydrophobic and has a smaller pore size. 
[14,32] The hydrophobicity of GDLs is usually achieved by incorporating hydrophobic materials 
such as polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) or fluorinated 
ethylene propylene (FEP) into the layer. A schematic illustration of the general air electrode 
architecture showing the structure of a typical carbon-based gas diffusion layer and the catalyst 
layer is shown in Fig. 3. 
 
 
Figure 3. Illustration of a carbon-based GDL and the active catalyst layer. [14] 
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One important limitation of carbon-based GDLs, however, is their high predisposition to 
carbon corrosion. [20] The oxidation of carbon in strong alkaline electrolytes can be described 
by the following reaction: 
𝐶(𝑠) + 6 𝑂𝐻(𝑎𝑞)
− → 𝐶𝑂3(𝑎𝑞)
2− + 3 𝐻2𝑂(𝑙) + 4 𝑒
−    (19) 
Prolonged carbon corrosion causes the electrolyte to display a brown coloration due to 
carboxylic acid formation (e.g. metallic acid and humic acid) [20]. 
Naturally, the degradation of the GDL layer can have adverse effects on the battery system, as 
it can disrupt the uniformity of current distribution across the layer and lose its capacity to 
retain the electrolyte within the cell. To remediate to the issue of carbon corrosion, graphitized 
carbon materials or metal-based substrates can be employed. [14] 
It is important to note that the described GDL is this section was primarily optimized for zinc-
air batteries with aqueous alkaline electrolytes and may not be fully compatible with zinc-air 
battery designs that employ aprotic or ionic liquid electrolytes. [12] The high viscosity and low 
wetting ability of ionic liquids has been reported as problematic for use in combination with 
typical GDLs. [33] Organic solvents, on the other hand, have been found to cause flooding of 
the GDL pores, consequently limiting gas diffusion [12]. More research is this area is required 
to optimize GDL structures to suit other zinc-air battery configurations. 
 
Active catalyst layer 
 
The active catalyst layer of a secondary zinc-air battery typically comprises the bifunctional 
electrocatalyst, additives, a support, and a binder to improve the electrocatalytic and structural 
properties of the electrode (see Fig. 3). Among the additives used in the active catalyst layer, 
high-surface area carbon materials are commonly employed to boost the number of active sites 
at the triple-phase boundary between the electrolyte, the catalyst and oxygen gas. For this 
purpose, graphitized carbon species such as carbon nanotubes (CNTs), carbon nanofibers 
(CNFs) and graphene are generally preferred over amorphous carbon species due to their higher 
resistance to corrosion at high potentials. [14]  
Extensive research efforts have been devoted to the improvement of metal-air battery 
components, and more specifically to the quest for a highly efficient bifunctional oxygen 
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catalyst as active component in the air electrode. Ideally, a bifunctional catalyst must be 
capable of demonstrating good catalytic activity toward both OER and ORR. In addition, it 
must be highly selective and remain stable under harsh alkaline conditions, large potential 
differences and high current densities. [11,14,16] 
The major material classes currently considered for bifunctional catalysts include precious 
metals, transition metals, transition metal oxides and carbon-based nanomaterials [20]. Precious 
metal catalysts such as platinum have commonly been used in primary zinc-air batteries [15]. 
The most prominent constraints surrounding noble metal catalysts generally involve their high 
cost, scarcity and poor OER activity (particularly in the case of platinum-based materials) [10]. 
In addition, the durability of noble-metal-based catalysts remains a concern. Although certain 
noble-metal oxides such as ruthenium and iridium oxides display excellent OER activity in 
alkaline media, they do not perform sufficiently well in the ORR [29]. 
Transition metal-based bifunctional catalysts (e.g. single, binary and ternary oxides, sulphides, 
chalcogenides, nitrides, carbides and macrocycles) and heteroatom-doped carbon 
nanomaterials have recently attracted considerable attention for bifunctional electrocatalysis 
[14,16,20,34]. Although highly active non-noble-metal-based catalysts have been successfully 
demonstrated [35-37], the mechanisms of action and reaction kinetics remain elusive and differ 
from one material to another, which complicates predictions. Generally, transition metal oxides 
exhibit superior stability to noble metals in highly corrosive environments [34]. Among the 
multitude of crystalline mixed metal oxide structures explored, spinel oxides and perovskites 
have been shown to possess the most advantageous properties in terms of electronic structure, 
low cost and low toxicity [15].  
 
Carbon nanomaterials 
A promising category of materials for this purpose is nanostructured carbon and its hybrids. 
Carbon nanomaterials exist in a multitude of allotropes, namely graphite, diamond, fullerenes 
and amorphous carbon. These allotropes can be one-dimensional (1D), two-dimensional (2D) 
or three dimensional (3D) structures. Carbon nanomaterials have numerous interesting 
electronic, optical, thermal, mechanical and electrochemical properties. Carbon nanomaterials 
are interesting materials from the electrochemical point of view because they are typically 
excellent electric conductors as a result of their hybridized sp2 orbital arrangement. [10,15]. 
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In addition, carbon nanomaterials have a clear competitive advantage in terms of cost, 
abundance, wettability, surface area, porosity, and chemical and mechanical stability under 
demanding conditions of operation, which makes them highly suitable candidates for the 
development of high-efficiency batteries. [10]  
Carbon-based nanomaterials can be used as such or functionalized through surface 
modification techniques to control their electrocatalytic properties and improve their 
electrocatalytic performance. [10] 
In particular, since their first successful identification by Iijima in 1991 [38], CNTs have paved 
the way for a whole new area of research and a large spectrum of applications ranging from 
electronics and sensing to biomedical devices [39]. In its simplest form, a CNT can be thought 
of as a single-atom-tick hexagonal graphene lattice capped with a fullerene-like structure. In 
this lattice, each carbon is covalently bonded to three other carbon atoms, and the fourth 
valence electron of each carbon atom is a delocalized π-electron. Together, π-electrons form 
hybridized sp2 orbitals. Typically, carbon nanotubes have radii in the order of a few nanometres 
and extend to a few hundred nanometres in length. [40,41] A schematic of the structure of CNTs 
is depicted in Fig. 4.  
 
 
 
Figure 4. Schematic illustration of a single-walled CNT (left) and a multiwalled CNT 
(right). [42] 
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This peculiar structure gives rise to numerous important properties such as high conductivity, 
large surface-to-volume ratio, flexibility, optoelectronic characteristics, in addition to thermal, 
mechanical and chemical stability [43]. Moreover, many of these properties are readily tuneable, 
adding to the versatility of application areas. CNTs are, not surprisingly, also one of the most 
exciting materials investigated for electrocatalysis.  
The functionalization of CNTs by surface modification or doping with heteroatoms has shown 
great promise in the control of electrochemical properties of CNTs. Among functionalized 
CNTs, nitrogen-doped nanotubes have demonstrated remarkable electrocatalytic activity 
toward ORR and OER and excellent structural stability. While the exact mechanisms behind 
their enhanced catalytic activity remain somewhat uncertain, it is believed that the improved 
bifunctional activity toward ORR and OER is linked to the generation of edge-plane sites 
through the incorporation of pyridinic, quaternary and pyrrolic nitrogen in the graphitic carbon 
structure. [44] In a recently published article on the identification of bifunctional active sites for 
OER and ORR in N-doped graphene nanoribbon structures, Yang et al. [45] unveiled the role of 
different nitrogen moieties in ORR and OER processes. Interestingly, Yang et al. successfully 
demonstrated that quaternary nitrogen sites acted as electron donors and were primarily 
responsible for ORR, while pyridinic nitrogen acted as a p-type dopant in the graphite structure 
and was associated with improved OER. 
Carbon nanomaterials such as CNTs can also be incorporated into hybrid nanostructures by 
serving as a substrate for different noble metals, metal alloys and transition metal oxides. [10] 
 
Spinel oxides 
Transition metal oxides have attracted considerable attention due to their notable bifunctional 
electrochemical properties. Their high electrocatalytic activity is attributed to the ability of 
metal cations to assume multiple valency states, especially by forming redox couples at 
potentials suitable for ORR and OER to take place. [12,46] Among transition metal oxides, the 
importance of spinel-type oxides has been established in many fields of technology as they 
have found numerous applications in electronics, magnetism, and electrochemical energy 
conversion and storage for instance. Spinel-type transition metal oxides typically refer to 
oxides of general formulation AxB3-xO4, where A and B are transition metal atoms. 
[12,34] 
On a particular note, multivalent cobalt-manganese spinel oxides Co3-xMnxO4±δ have recently 
demonstrated exciting bifunctional catalytic capabilities and high durability, showing OER and 
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ORR activities close to state-of-the-art materials [22,24,26,47-49]. Owing to these properties and 
their low-cost, low toxicity and abundance, Co-Mn spinel oxides provide an attractive 
alternative to noble metal-based bifunctional catalysts for metal-air battery applications. 
However, their electrochemical activity is intimately correlated with the phase, composition, 
size and geometry of Co-Mn nanoparticles, all of which are difficult to tune simultaneously 
and independently. [14,18]  
In a publication by Rios et al. [50], the ORR activity of Co3-xMnxO4 -type spinels was found to 
be strongly linked to the increase of Mn atoms in the overall Co3-xMnxO4 spinel composition, 
whereas the OER activity was improved in Co-rich compositions. Moreover, Mn cations were 
found to negatively contribute to the OER activity of spinel oxides by actively inhibiting the 
oxidation of OH- ions, effectively limiting the reaction rate of oxygen evolution.  
Furthermore, the electrocatalytic ORR and OER performance of Co-Mn spinel oxides has been 
shown to exhibit phase dependence [18,22]. The crystallographic phases of Co3-xMnxO4 -type 
spinels are sensitive to the Co/Mn ratio. At room temperature, for Mn-rich spinel oxides  
(1.9 < 𝑥 ≤ 1.3), the tetragonal phase is predominant, whereas in the case of Co-rich spinel 
oxides, (0 ≤ 𝑥 ≤ 1.3), the tetragonal phase has been shown to prevail. [18,51] In early 
investigations on the crystallographic properties of selected spinels [52,53], it was demonstrated 
that a single stable phase of cubic spinel exists at 1000°C only for Co3-xMnxO4 spinel 
compositions of (0 ≤ 𝑥 ≤ 1.3). Single phase tetragonal spinels, on the other hand, have been 
shown to preferentially form for spinels of composition 𝑥 > 1.9, and mixed phase spinels are 
found to coexist at compositions in the range 0 ≤ 𝑥 ≤ 1.9. The cubic phase of CoMn2O4 is 
highly desirable in the electrochemical context because it is electronically conductive. [50] 
Until recently, metastable phases of Co-Mn oxide spinels (tetragonal phase for Co-rich spinel 
oxides and cubic phase for Mn-rich spinels) had never been successfully obtained at room 
temperature. In 2015, Li et al. published their work on the first successful synthesis of  
Co3-xMnxO4 spinels with independent control over phase and composition 
[12,18]. This article 
constitutes the basis for the synthesis of Co-Mn spinel oxides in this work. 
Typically, the synthesis of crystalline spinel oxides involves solid-state synthesis routes, which 
generally requires elevated temperatures, complex procedures and lengthy reaction times. This 
process is often time-consuming and energy-intensive. Moreover, the conventional process 
yields spinel oxides with poor size and shape uniformity, limited surface area and restricted 
electrocatalytic activity. [18,22] Novel, straightforward synthesis methodologies have recently 
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been reported for the synthesis of nanoscale crystalline spinel oxides. These synthesis methods 
typically involve mild approaches such as hydro/solvothermal reaction processes [18,54], sol-gel 
routes [55] and carbonate co-precipitation methods [56]. In addition to producing particles of 
nanoscale dimensions, the new synthesis methods are often rapid and can be realized at low 
temperatures (typically between 120°C and 180°C). [18,22,26,49,51]. 
Moreover, several studies have shown [18,21,51,57] that the combination of carbon nanomaterials 
(e.g. graphene, CNTs) and cobalt-manganese spinel oxide nanostructures can generate 
synergetic coupling effects between the two components, leading to further improved OER and 
ORR efficiencies. Carbon nanomaterials, in addition to having electrocatalytic properties 
themselves, serve as a conductive substrate for spinel oxide nanoparticles, improve their 
dispersion uniformity within the hybrid structure, help prevent particle agglomeration and offer 
supplementary active surface area for electrocatalytic reactions. [20] 
 
On the role of ozone pre-treatment for CNTs 
Oxidation is often an important first step that precedes the further functionalization of CNTs 
for their specific applications [58-61]. For this purpose, commonly used oxidation strategies 
involve liquid-phase reaction processes that rely heavily on the use of corrosive reagents such 
as nitric acid, sulfuric acid, hydrogen peroxide and potassium permanganate. These processes 
generate toxic gasses and chemical waste. [60,62,63] In contrast, O3-mediated oxidation processes 
offer a simple, milder and yet effective treatment alternative that can often be carried out at 
room temperature without the need for solvents [58-60].  
Among the multitude of surface functional groups, it has been shown that oxygenated groups 
such as ketonic, carbonyl and carboxylic groups play a key role in the control of chemical 
properties of CNTs for catalytic applications. This behaviour is attributed to the generation of 
active sites for chemical reactions. [59] In a recent study [63], Xia et al. linked the presence of 
carboxylic groups to the improved ORR activity of multiwalled CNTs. In this study, O3-treated 
CNTs with higher carboxylic group concentration demonstrated an earlier onset potential as 
compared to their pristine counterparts. In addition, Xia et al.  also reported that the addition 
of oxygen functionalities on CNTs through ozonation improved the solubility of CNTs and led 
to better interaction with electrolyte, which is an important asset in electrocatalysis. [61,63] 
The mechanism behind the creation of surface oxygen groups by ozonation is believed to take 
place in steps (illustrated in Fig. 5). In the case of MWNTs, oxidation tends to preferentially 
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start at the tips where the caps are removed, then proceeds layer by layer, resulting in the 
thinning of nanotube walls. [60] Ozone can either oxidize pre-existing defects in the graphitic 
wall structure of CNTs or create new defects [58]. 
 
 
Figure 5. Schematic steps of ozone-induced structural changes in MWNTs. Yellow 
regions illustrate oxygen functional groups. [63] 
 
Although defect-rich CNTs can lead to the improvement of electrocatalytic activity, an 
excessive concentration of defects has been shown to negatively impact their electrical 
conductivity, leading to low charge transfer capacity and subsequently low current densities. 
[58,63] Due to this apparent trade-off, the exposure conditions of CNTs to O3 should be carefully 
tailored in order to optimize both properties. 
 
General improvement strategies for bifunctional catalysts 
In recent years, considerable progress has been achieved in the field of bifunctional 
electrocatalysis for zinc-air batteries and other metal-air electrochemical systems. These 
achievements can be attributed to the deployment of large research efforts using both 
experimental and computational approaches. As the mechanisms responsible for high 
bifunctional catalytic activity are gradually unveiled, strategies for the improvement of 
bifunctional catalysts can be developed.  Examples of approaches currently employed for the 
development of more efficient catalytic materials for secondary zinc-air batteries include the 
control of feature such as crystallographic structure, particle size, morphology and material 
composition. [14] 
  
37 
 
The activity of bifunctional catalysts for ORR and OER has been shown to intimately depend 
of the crystallographic structure of the material. For this reason, the development of tools and 
methods that enable the preferential exposure of certain crystal planes that display the right 
surface energies for OER and ORR is of utmost importance. Similarly, effective particle size 
and morphology control, combined with the ability to fabricate stable, nanoscale structures 
with high surface-to-volume ratios and a large concentration of active catalytic sites, is 
essential for the obtention of high-performance catalysts. [14] 
 
2.4.2.2. Reversible zinc electrode 
 
Metallic zinc has long been a popular material for the negative electrode in many primary 
systems such as zinc-carbon, zinc-manganese dioxide, zinc-nickel and zinc-air. In addition to 
its abundance, high specific energy density, low toxicity and recyclability, zinc has a low redox 
potential and remains relatively stable when immersed in aqueous and alkaline media, showing 
little signs of corrosion. [9] 
The performance of the zinc electrode is sensitive to surface morphology and tightly correlated 
with available active surface area [14,15]. For this reason, a number of high-surface area zinc 
structures have been explored for the construction of zinc electrodes. Some examples include 
powders, spheres, flakes, ribbons, fibres, dendrites and foams. [12] The porosity of a zinc 
electrode is typically around 60% to 80%, yielding a theoretical capacity of 1.2-2.2 A h cm-3 
[64,65] Other desired properties in zinc electrodes for electrically rechargeable zinc-air batteries 
include the retention of battery capacity for long durations, reversibility and long cycle life [14]. 
In secondary zinc-air batteries, one of the major obstacles to long-term cyclability has been the 
uneven dissolution of zinc during discharge and its redeposition at different locations during 
charging. Although zinc recovery from the electrolyte during the recharge process is good, the 
non-uniform deposition of zinc on the metal electrode gives rise to several undesired 
phenomena that can be detrimental to battery performance over time. Some of the most 
prominent phenomena include dendrite formation, shape change, passivation and corrosion. 
[14,15,20,30] 
Dendrites are sharp, needle-like metallic structures that can form under certain conditions 
during the charging process and are capable of fracturing the electrode or perforating the 
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separator, which can result in electrode disconnection and subsequent capacity loss, or a short 
circuit, respectively [14]. Dendrite formation is a concentration-controlled phenomenon in which 
a distance-dependent concentration gradient of Zn(OH)4
2- ions occurs at the electrode-
electrolyte interface. During charging, Zn(OH)4
2- ions are predisposed to preferential 
deposition on pre-existing surface heterogeneities that have a higher concentration of 
Zn(OH)4
2- ions in their vicinity. As deposition continues, the deposits grow past the diffusion-
limited region and form rapidly growing dendritic structures. Dendrites typically form under 
higher deposition potentials, but given enough time and after multiple charge and recharge 
cycles, dendrites can also progressively grow at lower potentials. [30,66] Other factors such as 
zincate concentration, electrolyte concentration, temperature, viscosity and velocity of the 
aqueous solution have also been shown to affect dendrite formation [15]. 
Another factor that can potentially affect battery performance is shape change. This 
phenomenon refers to the morphological changes suffered by the zinc electrode upon cycling. 
The electroplating of zinc at different locations when the battery is recharged has been shown 
to cause densification of the zinc electrode due to the uneven distribution of zinc particles, 
which results in a loss of active surface area and a subsequent decline in available capacity. 
The underlying mechanisms behind the non-uniform deposition of zinc are believed to be 
linked to the existence of current distribution disparities across the electrode, uneven reaction 
zones and convective flows generated by electro-osmotic forces within the battery. [14] 
Electrode passivation refers to the process whereby an insulating film forms at the surface of 
the electrode and hampers the movement of the discharge product and hydroxide ions, 
preventing further discharge. This process occurs when the solubility limit of Zn(OH)4
2 ions 
during battery discharge is exceeded, causing ZnO to precipitate on the surface of the metal 
electrode. The progressive accumulation of ZnO on the electrode eventually leads to the 
complete obstruction of pores, hence the passivation effect. The increased thickness of the 
electrode as a result of cycling has also been found to advance the starting point of passivation, 
primarily because of the increased diffusive resistance encountered by OH- ions upon 
penetration within the porous electrode. Because of its insulating nature, the deposition of ZnO 
also causes internal resistance within the cell to increase, which in turn results in round-trip 
efficiency losses. [14,15] 
Several approaches have been explored to improve the performance of the zinc electrode by 
limiting the effect and magnitude of undesired processes on the structural and functional 
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integrity of the electrode. Examples of such approaches include the introduction of polymeric 
binders to improve mechanical stability, discharge-trapping electrode additives for the 
prevention of zincate ion migration, in addition to high surface area 3D structures and electrode 
coatings to minimize dendritic growth and shape change. [14,16] Successful dendrite growth 
inhibition has also recently been demonstrated for approaches that employed pulsating currents 
[67] and hydrodynamic conditions [68]. 
As discussed earlier in this chapter, hydrogen evolution as a result of zinc corrosion can incur 
penalties on the utilization efficiency of active surface area. Two general strategies have been 
adopted to overcome this problem. The first approach involves alloying the zinc electrode with 
other metals (e.g. mercury, lead, cadmium, bismuth or indium) in order to increase the 
hydrogen evolution overpotential and retard H2 generation. The second option consists of 
introducing additives in the electrolyte to prevent the hydrogen evolution reaction from taking 
place [12,16,30]. 
 
2.4.2.3. Electrolyte 
 
Although electrode materials are typically the main components under the spotlight where zinc-
air batteries are concerned, their efficiency is also tightly linked to the choice of electrolyte. 
Electrolytes can have an impact on many battery performance-related parameters because they 
can directly regulate aspects such as capacity retention, rate capability and cycling efficiency. 
Therefore, the optimization of electrolyte materials is also a relevant topic that necessitates 
keen attention when the development of high-performance, durable secondary zinc-air batteries 
is targeted. [14] 
The most commonly employed electrolytes in zinc-air batteries have been and continue to be 
aqueous alkaline electrolytes, mainly thanks to their superior ionic conductivity and interfacial 
properties. Commonly used electrolytes in zinc-air batteries are LiOH, NaOH, KOH and 
NH4Cl. 
[14,16,69] Among aqueous electrolytes, concentrated potassium hydroxide solutions have 
typically been the most popular option, mainly owing to their good electrochemical kinetics, 
mass transport properties and lower viscosity at higher concentrations. At room temperatures, 
the maximum conductivity obtained is approximately 640 mS/cm, which corresponds to a 
30wt% KOH concentration. [15,16] However, KOH is particularly vulnerable to the ambient 
atmosphere, namely to CO2 and relative humidity, which is a major limitation in zinc-air 
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battery designs because of direct exposure to these factors. Upon contact, CO2 reacts with the 
electrolyte and forms carbonate precipitates that can infiltrate and clog the pores at the air 
electrode, which in turn prevents air from diffusing further and impedes battery function 
through reduced conductivity and increased polarization. [14,16] Incorporating a scrubber (e.g. 
soda lime) in the air inlet has been shown to efficiently eliminate CO2 from the entering air, 
which constitutes one potential option for CO2 management
 [12]. Another aspect to consider is 
the possibility of water leaking out or flooding the battery if temperature and humidity between 
the internal and external cell environments differ markedly. [11,30] 
In an effort to circumvent these issues, several new approaches have been employed to develop 
non-aqueous electrolytes that are less sensitive to conditions of the surrounding environment 
while still retaining sufficient ionic conductivity. Among the newest research areas in 
electrolytes for zinc-air batteries, room-temperature ionic liquids (RTILs), alkaline gel 
electrolytes (AGEs) and solid-state electrolytes have received the most attention. However, 
numerous challenges remain, as often non-aqueous electrolytes suffer from low compatibility 
with other zinc-air battery components because these were initially designed for aqueous 
alkaline electrolytes.  
Aprotic RTILs have been reported to extend battery cyclability by effectively suppressing the 
growth of zinc dendrites, inhibiting self-corrosion, slowing down cell drying and electrolyte 
degradation due to carbonate formation [70,71]. A major drawback, however, is the viscosity of 
ionic liquids, which affects the wetting behaviour of the gas diffusion electrode and lead to a 
fast voltage drop during discharge. [12] AGEs, on the other hand, have been shown to promote 
zinc utilization, which consequentially increases the battery’s specific capacity. AGEs are 
essentially low-molecular weight polymers gelled with alkaline solutions such as KOH to 
improve conductivity [14]. The polymers serve as a mechanical matrix for electrolyte 
immobilization, which can reduce problems related to electrolyte leakage [12,15]. However, 
AGEs generally have insufficient mechanical strength, rendering the contact at the electrolyte-
electrode interface unstable, which in turn increases internal cell resistance and lowers the 
overall battery efficiency [72]. 
Solid-state electrolytes possess the mechanical properties of solids and the high ionic 
conductivity of liquids. With this type of electrolyte, evaporation is not an issue, but the high 
interfacial resistance at the interface between the electrolyte and electrodes remains a challenge 
yet to be overcome. The higher interfacial resistance complicates OH- transport and results in 
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low current densities and high overpotentials, which are undesired features in high-
performance batteries. [14] 
Electrolyte optimization is still at an early stage, and new directions in electrolyte chemistries 
must be explored before a more durable solution can be reached. 
 
2.4.2.4. Separator 
 
In zinc-air batteries, the primary function of a separator is to prevent physical contact between 
the electrodes and avoid short circuits as a result of dendritic zinc penetration upon cycling. 
The separator is an electrochemically inactive component, but it can directly affect battery 
performance. It must be able to withstand a large potential range (≥2.5V), remain unaltered in 
the highly alkaline electrolyte (pH≥13) and be mechanically resistant to perforation by zinc 
dendrites. Ideally, the separator also possesses high electrical resistance and high ionic 
conductivity. In addition, it should have a porous structure that allows electrolyte retention and 
be capable of selectively allowing OH- ions to move past the barrier while preventing 
Zn(OH)4
2- ion crossover. [12,14-16] 
Separator materials for zinc-air batteries are commonly made of polyethylene (PE), polyvinyl 
alcohol (PVA), polyamide (PA), polyetherimide (PEI), polyacrylic acid (PAA) and 
polypropylene (PP) [12,14,15]. Laminated, nonwoven separators such as Celgard 5550 are 
typically used in commercial zinc-air batteries due to their superior mechanical and 
electrochemical stability. [14] This type of separator has a layered structure composed of a PE 
layer sandwiched between two PP layers, designed to shut down the battery in case of 
overheating. The separator is often coated with surfactants to accelerate electrolyte wetting. Its 
fibrous structure allows good electrolyte retention and ionic conductivity, but the pore size is 
too large to completely prevent zincate ions from passing through, which leads to a gradual 
dendrite growth and eventually threatens long-term stability of the separator. [12] 
One recently proposed solution to address zincate ion crossover issues is the use of anion-
exchange membranes that selectively allow the passage of hydroxide ions, but these 
membranes often suffer from unsatisfactory long-term stability problems in highly alkaline 
media. Improvements have yet to be made in this area in order to bring the stability of the 
membrane to an acceptable level. [12] 
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Another approach for simultaneously improving membrane selectivity and ionic conductivity 
is sulfonation. Dewi et al [73] developed a cationic polysulfonium membrane that was found to 
efficiently prevent zincate ion migration while also being highly permeable to the passage of 
hydroxide ions. The increased ionic conductivity was reported to yield a nearly six-fold 
improvement in battery discharge capacity as compared to a commercial Celgard separator. 
This improvement was attributed to the inhibition of ZnO deposition on the air electrode.  
 
 
2.5. Secondary zinc-air battery configurations 
 
Several battery configurations have been developed to address specific performance-related 
challenges in secondary zinc-air batteries. The conventional planar configuration was initially 
designed for primary zinc-air batteries and has been commonly employed in secondary zinc-
air batteries. In this simple design, the battery is constructed in a planar arrangement of layers 
in superposition and has generally been favoured over spiral wound battery configurations 
because it maximizes exposure to air. This arrangement can be positioned either horizontally 
or vertically. Horizontal planar batteries (Fig. 6.a) are perceived as more practical due to better 
current distribution at the zinc electrode and easier oxygen elimination during charging. 
However, these improved qualities are achieved to the detriment of considerable electrolyte 
losses due to evaporation. [14] 
Flow battery cells (Fig. 6.b) are designed with a dynamic electrolyte flow that circulates within 
the cell. This type of battery design can significantly improve the operational lifetime of the 
battery as a result of better cyclability. The flowing electrolyte has been found to reduce 
performance and degradation issues of both the zinc electrode and the air electrode by 
preventing dendrite formation, shape change and passivation at the zinc electrode, and by 
actively removing carbonate deposits at the air electrode, effectively preventing the clogging 
of pores. The undesired solid by-products are collected by an external filter and removed. 
However, in this design, the improved cyclability and lifetime of the battery are attained at the 
expense of energy efficiency, as some of the energy from the battery cell must be allocated to 
the pumping of the electrolyte, hence leading to a reduced overall specific and volumetric 
energy density. [14] 
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Figure 6. Schematic illustration of various zinc-air battery designs. (a) Horizontal planar 
zinc-air battery, (b) Flow zinc-air battery, (c) flexible solid-state zinc-air battery and (d) 
three-electrode zinc-air battery with separate compartments for ORR and OER. 
 
Owing to the increased interest in the development of flexible consumer electronics and the 
need for small-scale integrated energy sources for microelectronic devices, flexible batteries 
(Fig. 6.c) have become the topic of many recent endeavours in the research community. [14] 
Zinc-air batteries are inherently suitable for flexible electronic applications due to their low 
cost, high energy density and operational safety. Recently, multiple prototypes have been 
successfully demonstrated, ranging from thin-film wearable designs [36] to solid-state cable-
type flexible batteries [74] and even biocompatible flexible batteries [75]. One of the major 
limitations of this battery design is the sensitivity of portable electronic devices to aqueous 
electrolytes in case of a leak. For this reason, the main focus in the further optimization of this 
type of design has been on the development of solid-state batteries that are durable and can 
preserve satisfactory ionic conductivity. [14] 
a. 
b. 
c. 
d. 
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As an alternative to two-electrode zinc-air battery configurations, the three-electrode 
configuration (Fig. 6.d) has been developed as a means to circumvent cyclability issues [76]. In 
this configuration, the charge and discharge reactions are decoupled by adopting two separate 
air electrodes for ORR and OER. The zinc electrode is placed between the two air electrodes 
and connected to one air electrode at a time, alternating between ORR and OER electrodes for 
battery discharging and recharging, respectively. This design does not require bifunctional 
catalysts as each oxygen reaction occurs in separate battery compartments, which enables the 
use of optimized ORR and OER catalysts and prevents the exposure of ORR catalysts to higher 
oxidative potentials during OER, hence minimizing structural damage to the components and 
extending battery lifetime. However, there is an inevitable trade-off between extended battery 
lifetime and volumetric energy density that is dictated by the increased complexity of the 
design. [12,30] 
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3 MATERIALS AND METHODS 
 
3.1. Materials synthesis 
 
The classes of bifunctional electrocatalysts investigated during this work comprised the 
following: 
1. Pristine multiwalled CNTs (denoted CNT-N for CNTs of trademark Nanocyl and CNT-
A for CNTs of trademark AlphaBut) 
2. N-doped CNTs (denoted NCNT-N for N-doped CNTs synthesized using CNTs of 
trademark Nanocyl and NCNT-A for N-doped CNTs of trademark AlphaBut) 
3. Ozone pre-treated N-doped CNTs (denoted O3-NCNT-N for N-doped CNTs 
synthesized using CNTs of trademark Nanocyl and O3-NCNT-A for N-doped CNTs of 
trademark AlphaBut) 
4. Co-Mn spinel oxides with different phases (tetragonal vs. cubic) and varied 
compositions (see Table 2 for detailed spinel structures and compositions) 
5. Physical mixtures of CNTs + Co-Mn spinel oxides 
6. Composites of Co-Mn spinel oxides embedded in a CNT matrix. 
All synthesized materials were benchmarked against two state-of-the-art materials: 20wt% 
Pt/C (Platinum, nominally 20%, on carbon black, HiSpec®, Alpha Aesar) for ORR and IrO2 
(99.99% purity Iridium(IV) oxide dihydrate, Premion®, Alpha Aesar) for OER. A detailed list 
of all synthesized catalyst materials is available in Appendix 1. 
 
3.1.1. Preparation and N-doping of CNTs 
 
Two types of pristine, commercial grade multiwalled CNTs (Nanocyl and AlphaBut) were used 
as original substrate for functionalization. Nitrogen-doped CNTs were obtained by following 
an ex-situ N-doping method described in ref. [77] 
In a typical process for the synthesis of N-doped CNTs, 80mg of pristine or ozone pre-treated 
CNTs was first dispersed in 100mL aqueous solution of 2.5mM hydrochloric acid (HCl). 
Simultaneously, an emeraldine salt (PANi) suspension was prepared by adding 120mg of PANi 
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into 120mL of aqueous 2.5mM HCl. Both solutions were sonicated separately for 30 minutes 
until stable colloidal suspensions were obtained, and kept stirring overnight on a magnetic 
stirrer at 750rpm. Both solutions were then merged, and the resulting mixture was sonicated 
for 5 hours before being transferred on a magnetic stirrer a second time and stirred overnight 
to ensure strong interaction between the polymer and the CNT matrix. The following step 
involved the separation of the solid CNT/PANi compound from the solution by centrifuging 
the mixture for 10 minutes at 10,000 rpm using a centrifuge. The solid compound was then 
dried in a vacuum oven at 40°C for 1 hour.  
In order to obtain surface-functionalized N-CNTs, the dried CNT/PANi solid was placed in a 
ceramic boat and pyrolyzed in a tube furnace at 800°C for 1 hour under a N2 atmosphere, with 
a temperature ramping of 200°C/h before and after the desired reaction temperature. A vacuum 
was induced in the sealed chamber and subsequent purging with N2 gas was performed. This 
procedure was repeated three times to ensure the complete removal of atmospheric oxygen 
from the reaction chamber before pyrolysis. 
A schematic illustration of the N-functionalization process of CNTs is shown in Fig. 7. 
 
 
Figure 7. Schematic illustration of the synthesis of N-CNTs. 
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In the case of CNTs pre-treated with ozone, pristine nanotubes were placed in a U-type glass 
tube and subjected to a constant ozone flow for a duration of 30 minutes using an OZX-300ST 
ozone generator. The ozone-treated CNTs were then nitrogen-functionalized using the same 
method adopted for pristine CNTs (see ref. [77]). 
 
3.1.2. Synthesis of Co-Mn spinel oxides 
 
The synthesis of Co-Mn spinel oxide nanoparticles was realized by using a modified   two-step 
process consisting of a room-temperature oxidation precipitation step and a hydrothermal 
reaction step. The method described hereby was inspired by ref. [18] and is illustrated in  
Fig. 8 below. 
 
 
Figure 8. Illustration of the steps for Co-Mn spinel synthesis. 
 
In the first step of the synthesis process, a room-temperature oxidation precipitation of cobalt 
and manganese is induced by mixing two separate solutions containing Co2+ (0.2M) and Mn2+ 
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(0.2M) with an ammonium (NH4
+) solution. The second step of the synthesis involved a 
hydrothermal reaction in which the mixture was kept at 180°C for 50 minutes.  
Aqueous solutions of Co2+ and Mn2+ were prepared by using Co(NO3) hexahydrate and 
Mn(NO3) tetrahydrate as precursors, respectively. The final composition of the spinel oxide in 
terms of Co-to-Mn ratio was achieved by altering the molar ratios of both reactants during the 
oxidation precipitation stage. Phase control was endeavored by changing the order in which 
Co2+ and Mn
2+ solutions were added to the reaction mixture as described in ref. [18]. To obtain 
a cubic-phase CoMn2 spinel oxide for instance, 4mL of 25wt% ammonia was added to 5mL of 
0.2M Co2+ solution, after what 10mL of 0.2M Mn2+ solution was slowly dripped into the 
Co2+/NH4
+ solution and the resulting mixture was stirred for 120 minutes at room temperature. 
Similarly, in order to obtain tetragonal CoMn2 spinel oxide nanoparticles, 4mL of 25wt% 
ammonia was added to 10mL of 0.2M Mn2+ solution and 5mL of 0.2M Co2+ solution was 
dripped into the mixture. The reactant order, volume and molar ratios for all desired spinel 
compositions and phases are summarized in Table 2. 
Three different molar ratios of cobalt and manganese were synthesized, and phase control was 
attempted for each ratio, yielding a total of six spinel samples: c-CoMn2, t-CoMn2, c-
Co1.5Mn1.5, t-Co1.5Mn1.5, c-Co2Mn and t-Co2Mn. In this notation, prefix c- refers to the cubic 
phase and prefix t- refers to the tetragonal phase. 
 
Table 2. Synthesis details for prepared Co-Mn spinel oxides. 
Desired  
Co-Mn spinel 
First reactant* Volume 
(mL) 
Second reactant Volume 
(mL) 
Molar ratio of 
reactants 
(Co:Mn) 
c-CoMn2 Co2+ 5 Mn2+ 10 1:2 
t-CoMn2 Mn2+ 10 Co2+ 5 1:2 
c-Co1.5Mn1.5 Co2+ 7.5 Mn2+ 7.5 1:1 
t- Co1.5Mn1.5 Mn2+ 7.5 Co2 7.5 1:1 
c-Co2Mn Co2+ 10 Mn2+ 5 2:1 
t-Co2Mn Mn2+ 5 Co2 10 2:1 
* Here, “first reactant” refers to the reactant present in the synthesis vial prior to the addition of ammonia and 
the second salt precursor, denoted “second reactant”. A 4mL volume of 25wt% ammonia was added to the first 
reactant in the reaction vial prior to mixing with the second reactant. 
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3.1.3. Preparation of hybrid materials 
 
In order to study the possible synergistic effects of combining Co-Mn spinel oxide 
nanoparticles and CNTs into one catalyst, two types of hybrid materials were studied: physical 
mixtures and composites. Physical mixtures were obtained by mixing separate spinel and CNT 
inks into one vial to obtain the desired spinel-to-CNT ratio after the synthesis of each 
component separately. In the case of spinel-CNT composites, CNTs were incorporated into the 
Co/Mn salt solution before the hydrothermal reaction took place. The required amount of CNTs 
for the synthesis of each composite was first dispersed in ethanol and ultrasonicated for 60 
minutes prior to its addition into the Co/Mn salt solution. 
A schematic illustration of the two synthesis routes for the preparation of hybrid spinel-CNT 
catalysts is shown in Fig. 9. 
 
Figure 9. Schematic illustration of the two methods used to synthesize spinel-CNT 
hybrids. 
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Hybrid spinel-CNT catalysts were prepared only from the best-performing spinel oxide and 
CNT materials. The list of all prepared materials is available in Appendix 1. 
 
3.2. Electrochemical characterization methods 
 
3.2.1. Electrochemical impedance spectroscopy 
 
Electrochemical Impedance Spectroscopy (EIS) is a technique based on the frequency-
response analysis of an electrochemical system to the application of a small amplitude AC 
current of varying frequency. This method can be very informative, as it can provide valuable 
information on the nature and origin of resistive losses in the electrochemical system in 
question. [78] Several sources of resistive losses exist within an electrochemical system. The 
ionically conducting electrolyte between electrodes yields a resistance 𝑅Ω known as the ohmic 
solution resistance. The magnitude of this resistive source is related to the solution conductivity 
and geometric features of the cell configuration such as the distance between the electrodes 
and the cross-sectional area of electrolyte between the electrodes. Another source of resistive 
losses arises from the double-layer capacitance 𝐶𝑑 at the electrode-electrolyte interface. In 
addition, an electron transfer reaction between redox species and the electrode induces a 
faradaic current that can be described by two resistive components 𝑅𝑐𝑡 (charge transfer 
resistance) and 𝑍𝑤 (Warburg impedance) reflecting kinetic electron transfer processes and the 
rate of mass transport, respectively. [79] These sources of resistive losses can be illustrated by 
the equivalent circuit shown in Fig. 10.a. 
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Figure 10. Illustration of resistive losses in a simple electrochemical system. (a) The 
equivalent circuit for a simple reversible electron transfer (𝑖𝑐 is the capacitive current and 
𝑖𝑓represents the faradaic current) and (b) Nyquist plot (𝜔 is the frequency of the small 
amplitude AC perturbation,  𝑍𝑅𝑒 is the real part of the impedance of the electrochemical 
system and −𝑍𝐼𝑚 is the imaginary part of the impedance).
 [79] 
 
In this work, EIS was used to probe losses resulting from ohmic electrolyte resistance for iR 
correction of the obtained data by locating the point of minimum impedance in the non-
Faradaic frequency region (where no electron transfer is taking place). This point corresponds 
to 𝑅Ω + 𝑅𝑐𝑡 on the Nyquist plot shown in Fig. 10.b. 
 
3.2.2. Cyclic voltammetry 
 
Cyclic voltammetry (CV) is a commonly used analytical method for the study of 
electrochemical processes. In a typical CV analysis, a continuous time-varying potential is 
applied to the working electrode. The potential sweep is first performed in one direction, then 
inverted, and the cycle may be repeated several times. As the potential increases or decreases, 
oxidation or reduction reactions may occur at the surface of the material studied, which results 
in faradaic currents appearing as oxidation or reduction peaks on the voltammogram. The 
faradaic current depends on the kinetics and the mass transfer -controlled movement of active 
species. A capacitive current may also be observed as a result of double layer charging. In 
addition, possible adsorption of chemical species on the electrochemically active surface may 
occur. [28] 
  
a. 
 
b. 
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The total current observed in a CV voltammogram can be described by the following equation: 
𝐼 = 𝐼𝑐 + 𝐼𝑓 = 𝐶𝑑
𝑑𝐸
𝑑𝑡
+ 𝐼𝑓      (20) 
Where 
𝐼𝑐 is the capacitive current 
𝐼𝑓 is the faradaic current 
𝐶𝑑 is the differential capacity of the double layer 
𝑑𝐸
𝑑𝑡
 is the potential step as a function of time 
 
3.2.3. Linear sweep voltammetry 
 
In a similar fashion to CV, linear sweep voltammetry (LSV) is method used for the analysis of 
oxidation and reduction processes of electrochemically active species in a system by varying 
the potential as a function of time. The main difference is that in LSV analyses, the potential 
sweep is performed in one single direction, with a scan rate much lower than in CV. The scan 
direction may be positive or negative. [28] The shape of the obtained voltammogram in LSV 
depends on multiple factors, namely on the electron transfer kinetics at the interface between 
the electrode and the electrolyte, the chemical reactivity of the studied species and the scan rate 
applied [78]. 
 
3.2.4. Chronoamperometry 
 
Chronoamperometry is a time-dependent step technique designed to study variations in current 
over time when a square potential is applied. At the beginning of a chronoamperometric 
analysis, the potential steps and step time are set to values at which capacitive currents can be 
neglected and only faradaic currents (attributed to electron transfer events) from studied 
electrochemical species are observed. [28] In this work, chronoamperometry was performed to 
evaluate the stability of the best-performing bifunctional synthesized catalyst by subjecting the 
electrochemical system to an alternating step potential and observing the charge transfer 
behaviour at OER and ORR potentials. 
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3.2.5. Investigation of electron transfer mechanisms in ORR 
 
In order to better understand the ORR reaction pathways through which the reaction proceeds 
for the synthesized electrocatalysts (two-electron vs. four-electron pathway), the Koutecky-
Levich (K-L) method was employed to deduce the electron transfer number of each catalyst. 
The electron transfer number n is a parameter that refers to the number of electrons transferred 
per oxygen molecule during ORR and hence describes the efficiency of the reaction taking 
place. [80] 
The total current density measured during ORR can be described in terms of the diffusion-
limited current density 𝑗𝐿 and the activation-controlled kinetic current 𝑗𝐾: 
1
𝑗
=
1
𝑗𝑘
+
1
𝑗𝐿
=
1
𝑗𝑘
+
1
𝐵𝜔1/2
        (21) 
Where 𝐵 is the Levich slope and 𝜔 is the RDE rotation rate. 𝐵 is theoretically defined as 
follows: 
𝐵 = 0.62𝑛𝐹𝐶𝑂2𝐷𝑂2
2/3𝑣−1/6       (22) 
Where  
𝑛 is the electron transfer number  
𝐹 is the Faraday constant (96485 A s mol-1) 
𝐶𝑂2 is the concentration of oxygen molecules in the electrolyte (1.2 x 10
-6 mol mL-1) 
𝐷𝑂2 is the oxygen diffusion coefficient (1.9 x 10
-5 cm-2 s-1) 
𝑣 is the solution viscosity (1.0 x 10-2 cm2 s-1) 
 
3.3. Experimental setups for electrochemical characterization 
 
3.3.1. Rotating Disc Electrode 
 
As a first step for evaluating the electrochemical activity of synthesized materials for OER and 
ORR, a series of electrochemical measurements was conducted using a Rotating Disk Electrode 
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(RDE) setup. This setup consisted of a three-electrode cell arrangement connected to a rotor 
and a potentiostat (Autolab) as shown in Fig. 11.  
 
 
Figure 11. Rotating disk electrode setup. WE: bifunctional electrocatalyst on glassy 
carbon; RE: Hg/HgO; CE: Platinum mesh. 
 
The cell was filled with an alkaline aqueous solution of 0.1M potassium hydroxide (KOH). 
The working electrode (WE) was screwed to the shaft holder as seen in Fig. 11 and immersed 
in the electrolyte. The reference electrode (RE) used in these measurements was a commercial 
mercury/mercury oxide electrode (Hg/HgO) chosen for its high stability in alkaline media. The 
RE was placed in a Luggin capillary tube for improved measurement accuracy. The counter 
electrode (CE) used for RDE measurements was a platinum wire attached to a platinum mesh 
at the immersed end to ensure that the system can withstand higher current densities if 
necessary. All measurements were performed at SATP conditions (25°C, 1 atm). The catalyst 
loading was kept at 0.2 mg/cm2 for all characterized materials to ensure coherence in the 
comparison of results. 
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3.3.2. Gas Diffusion Electrode 
 
After initial electrochemical activity screening of the synthesized electrocatalysts, the best-
performing material was further tested by subjecting it to a second round of electrochemical 
measurements in a gas diffusion electrode (GDE) setup to assess its electrochemical stability. 
As seen in Fig. 12, the GDE setup is essentially the same as the RDE setup used in the previous 
experimental stage. Similarly, the RE and CE electrodes were kept the same as in RDE 
measurements, with the main difference being that the RDE tip was replaced by a GDE. As 
this type of electrode configuration does not allow the WE to rotate, the electrochemical cell 
was placed on a magnetic stirrer to minimize bubble accumulation on the surface of the WE 
during potential cycling and thus better mass transfer properties as a result of the strong 
electrolyte-catalyst interaction at the interface. In order to better mimic real battery conditions 
and optimize charge transfer, the concentration of the aqueous KOH electrolyte was increased 
to 6M as recommended in ref. [81] The GDE consists of an air inlet and an air outlet through 
which synthetic air can flow and reach the catalyst-electrolyte interface. 
 
 
Figure 12. Gas diffusion electrode setup. GDE: bifunctional electrocatalyst on C/PTFE/Ni 
support; RE: Hg/HgO; CE: Platinum mesh. 
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 Fig. 13 shows the different constituents of a GDE air electrode. The electrocatalyst is deposited 
on the gas diffusion substrate (Biplex®, Gaskatel) and connected to a platinum wire and nickel 
mesh for current collection. Oxygen is circulated through gas inlets into and out of the gas 
chamber. 
 
 
Figure 13. Components of a gas diffusion electrode. 
 
 
In this work, catalyst inks were prepared by dispersing the required amount of solid catalyst in 
ethanol to obtain the desired ink concentration (usually in the range of 1-5 mg/mL). The 
solutions were mixed overnight and ultrasonicated for 15 minutes before deposition onto the 
RDE tip.  
The electrodes used for RDE measurements are glassy carbon electrodes mounted on a Teflon 
holder. The RDE electrodes were first polished using alumina solutions of different particle 
sizes (0.5µm, 0.3µm and 0.05µm), then rinsed with abundant acetone and deionized water. The 
volume of catalyst suspension required for obtaining a mass loading of 0.2mg/cm2 was then 
gradually pipetted onto the glassy carbon tip – typically 5µL at a time. Between each catalyst 
addition, the glassy carbon tip was dried under nitrogen flow to improve surface adhesion. 
Finally, a 5 µL layer of diluted Nafion (25µL of 5% Nafion in 1mL of ethanol) was placed onto 
the catalyst to act as a binder in order to avoid catalyst detachment during measurements. 
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In the case of exceedingly hydrophobic catalyst samples (e.g. pristine CNTs), the prepared 
RDE tip was heat-treated before measurements by dropping a small amount of heated deionized 
water onto the glassy carbon tip to remove the insulating gas layer.  
The GDE electrode was prepared by placing the required volume of catalyst ink onto the 
exposed part of a carbon-PTFE-nickel mesh substrate and drying the substrate at 80°C for 15 
min before placing it into the GDE holder. The mass loading for GDE measurements was 
chosen to be 2mg/cm2 in order to obtain higher current densities. 
In a typical RDE measurement series, the following methods were used to assess the activity 
of prepared catalysts: electrochemical impedance spectroscopy (EIS), cyclic voltammetry 
(CV), and linear sweep voltammetry (LSV). The measurements were conducted in both N2-
saturated and O2-saturated electrolyte and at different potential ranges depending on the 
reaction assessed (OER or ORR). The detailed measurement protocol adopted for RDE 
measurements is outlined in Table 3.  
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Table 3. Measurement protocol for RDE characterization at room temperature  
in 0.1 M KOH. 
Measurement Range Gas medium 
Impedance (EIS) 100kHz to 100 mHz @ 0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
N2 
CV @50mV/s 
 
0.3V to -0.9V vs Hg/HgO @ 0 rpm 
15 cycles 
N2 
Impedance (EIS) 100kHz to 100 mHz @0V vs Hg/HgO N2 
OER (LSV) @ 5 mV/s   
 
0.2V to 1V vs Hg/HgO @ 1600 rpm  
2 – 3 measurements 
N2 
ORR (LSV) @ 10 mV/s 0.3V to -0.9V vs Hg/HgO @ 0 rpm  
1 sweep 
N2 
Impedance (EIS) 100kHz to 100 mHz @0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
N2 
CV @ 50 mV/s 
 
0.3V to -0.9V vs Hg/HgO @ 0 rpm 
5 cycles 
O2 
ORR @ 10 mV/s 0.3V to -0.9V vs Hg/HgO @ 400 rpm O2 
ORR @ 10 mV/s 0.3V to -0.9V vs Hg/HgO @ 700 rpm O2 
ORR @ 10 mV/s 0.3V to -0.9V vs Hg/HgO @ 900 rpm O2 
ORR @ 10 mV/s 0.3V to -0.9V vs Hg/HgO @ 1200 rpm O2 
ORR @ 10 mV/s 0.3V to -0.9V vs Hg/HgO @ 1600 rpm O2 
CV @ 50 mV/s 
 
0.3V to -0.9V vs Hg/HgO @ 0 rpm 
15 cycles 
N2 
Impedance (EIS) 100kHz to 100 mHz @0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
N2 
* RMS = Root Mean Square. 
 
The same process was iterated for all materials unless otherwise specified. The results of RDE 
measurements are presented in Chapter 4. 
In the case of GDE measurements, the focus was on assessing the electrochemical stability of 
the materials when subjected to multiple repetitive cycles of OER and ORR. This was achieved 
by using chronoamperometry during which an alternating square-wave potential between 
negative and positive potentials was applied. 
  
59 
 
GDE measurements were conducted for the most active sample according to RDE results and 
compared to a reference sample (20wt% Pt/C). Chronoamperometry was conducted under 
constant flow of synthetic air (20% O2, 80% N2). 
The measurement steps followed for GDE characterization are outlined in Table 4 in 
chronological order. 
 
Table 4. Measurement protocol for GDE characterization at room temperature  
in 6M KOH. 
Measurement Range Gas medium 
Impedance (EIS) 100kHz to 100 mHz @ 0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
N2 
CV @ 50 mV/s 
 
0.3V to -0.9V vs Hg/HgO @ 0 rpm 
15 cycles 
N2 
ORR (LSV) @ 10 mV/s   0.3V to -0.9V vs Hg/HgO @ 0 rpm 
1 sweep 
N2 
Impedance (EIS) 100kHz to 100 mHz @ 0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
 
Synthetic air 
CV @ 50 mV/s 
 
-0.9V to 0.7V vs Hg/HgO @ 0 rpm 
20 cycles 
Synthetic air 
Impedance (EIS) 100kHz to 100 mHz @ 0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
 
Synthetic air 
Chronoamperometric 
analysis 
300 seconds at positive potential 
followed by 300 seconds at negative 
potential 100 cycles 
 
Synthetic air 
Impedance (EIS) 100kHz to 100 mHz @ 0V vs Hg/HgO 
Amplitude 0.01 VRMS
* 
N2 
CV @ 50 mV/s 
 
0.3V to -0.9V vs Hg/HgO @ 0 rpm 
15 cycles 
N2 
* RMS = Root Mean Square. 
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3.4. Physicochemical characterization 
 
3.4.1. Raman spectroscopy 
 
Raman spectroscopy is a non-destructive, structure-sensitive spectroscopic characterization 
method that relies on the inelastic scattering of electromagnetic radiation by molecules in a 
material, a phenomenon known as Raman scattering. Inelastic scattering can occur when part 
of the incident electromagnetic radiation is absorbed by the material and is re-emitted at a lower 
frequency, resulting in an increase of the energy level of molecular vibrations in the material. 
This phenomenon is commonly referred to as Stokes scattering. Similarly, if inelastic scattering 
results in an increase in photon energy of the electromagnetic radiation upon interaction with 
the material, the energy level of molecular vibrations decreases (anti-Stokes scattering). Raman 
spectroscopy typically measures Stokes-type inelastic scattering events due to their higher 
intensity as compared to anti-Stokes scattering. [82] The different types of scattering events are 
illustrated in Fig. 14. Raman spectroscopy is an especially powerful tool for the 
characterization of carbon-based materials [83]. 
 
 
Figure 14. Elastic and inelastic scattering of electromagnetic waves by molecules. (a) 
Rayleigh scattering (elastic), (b) Stokes scattering (inelastic) and (c) Anti-Stokes scattering 
(inelastic). [82] 
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In this work, Raman spectroscopy was carried out on CNTs before and after functionalization 
steps in order to observe possible structural changes induced by ozone treatment and N-doping. 
The analyses were performed by using a JY LabRam 300 spectrometer (excitation wavelength 
632.8 nm). 
 
3.4.2. Powder X-ray diffraction 
 
X-ray powder diffraction is an analytical method primarily used to obtain information on the 
phase and cell dimensions of crystalline materials. X-rays interact with electrons in the 
electronic shells of atoms in a solid. This method is based on the constructive interference of 
diffracted electromagnetic waves described by Bragg’s law (Fig. 14), whereby two 
electromagnetic waves completely in-phase must satisfy the following relationship [82]: 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃         (23) 
The XRD spectra create a diffraction pattern unique to a material and can be used to identify 
its chemical composition.  
 
 
Figure 14. Schematic of Bragg’s diffraction by crystal planes. The path difference 
between the two beams is SQ + QT = 2PQ 𝑠𝑖𝑛𝜃. [82] 
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In this work, XRD was used to identify the phase of prepared Co-Mn spinel oxide samples. 
The instrument used for this purpose was a diffractometer of type PRO PANalytical  
(𝑘𝛼 = 0.1542 𝑛𝑚 at 45kV and 40mA).  
 
3.4.3. X-ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy is a surface-sensitive method for the quantitative analysis of 
the chemical composition in a given sample. XPS is based on measuring the number of 
electrons that are ejected from a sample irradiated with a beam of X-rays and their kinetic 
energy. Upon interaction with the X-ray excitation source, atoms in the irradiated material can 
absorb X-ray photons which results in the emission of a photoelectron when ejected from its 
electron shell (see Fig. 16). The kinetic energies of electrons recorded by the instrument are 
used to derive their respective binding energies, which are characteristic values unique to the 
element in which they were generated, hence effectively enabling the identification of a 
sample’s elemental composition. Because photoelectrons’ energies are relatively low (typically 
between 20 and 2000 eV), they can only be collected from a material’s top atomic layers, hence 
its classification as a surface characterization method. [82] 
 
 
Figure 16. Emission of a 1s photoelectron when excited by an X-ray photon. [82] 
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The XPS analysis of CNTs before and after N-doping and ozone treatment was performed 
using a Kratos Axis Ultra spectrometer with a monochromatic Al 𝑘𝛼 radiation source (pass 
energy 40 eV and X-ray power 225W).  
 
3.4.4. Energy-Dispersive X-ray spectroscopy 
 
Energy-dispersive X-ray (EDX) spectroscopy is a chemical characterization method used for 
the elemental analysis of materials commonly used to obtain qualitative and quantitative data 
on the chemical composition of a sample. EDX spectroscopy is based on the use of 
characteristic X-rays emitted by a sample when excited with a focused electron beam. A typical 
EDX spectrum displays characteristic X-ray intensities across a range of X-ray energies. 
Characteristic X-rays are generated when outer-shell electrons undergo a transition to fill a 
vacancy (produced by a high-energy charged particle, i.e. an electron) in the inner shell of an 
atom, resulting in the emission of X-rays at energies unique to the element in question, 
equivalent to the energy difference between the two states. [82] 
In this study, EDX was used in combination with Scanning Electron Microscopy (SEM) to 
analyze the composition of Co-Mn spinel as a means to confirm compositional control over the 
Co:Mn ratio in different spinel types. The instrument used for both EDX and SEM was a JEOL 
JSM-7500F microscope. 
 
3.4.5. Scanning Electron Microscopy 
 
Scanning Electron Microscopy is a characterization method commonly employed to image the 
surface structural properties of solid specimens. SEM is based on the interaction of high-energy 
electrons with the surface of the material of interest. When the incident electron beam hits the 
surface of a sample, the interaction produces various elastic and inelastic scattering effects that 
generate multiple types of signals collected by the equipment to form an image. The types of 
produced signals and their respective interaction zones within the sample are depicted in  
Fig. 17. Due to the large depth-of-field of electron-sample interactions, SEM images typically 
have a three-dimensional aspect. Among the signal sources generated upon beam-sample 
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interactions, secondary electrons (SE) and back-scattered electrons (BSE) are typically the 
most relevant for SEM imaging. [82] 
 
 
Figure 17. The interaction zone of electrons and atoms in a sample. [82] 
 
In this work, SEM imaging was used to obtain information on the morphological characteristics 
of Co-Mn spinel oxides and hybrid spinel-CNT materials. The SEM images were obtained with 
a JEOL JSM-7500F microscope.  
 
3.4.6. Transmission Electron Microscopy 
 
Transmission electron microscopy (TEM) is a powerful microscopy technique used to generate 
high-resolution images of samples capable of revealing fine structural details (e.g. crystal 
structure) with a resolution typically in the order of 0.1 nm. The images obtained with a TEM 
are formed from the interaction of a high-energy electron beam with the material of interest as 
it is transmitted through a thin layer of sample. Image formation in TEM is based on the 
deflection of electrons from their primary transmission trajectories upon crossing of the sample. 
The contrast required for image generation is obtained from the difference in the number of 
  
65 
 
electrons scattered away from the transmitted beam. Two distinct mechanisms are typically 
employed to obtain an image: mass-density contrast and diffraction contrast. Mass-density 
contrast originates from the local differences in thickness and density in a given material, which 
result in variations in the deflection patterns of electrons translated into differences in electron 
intensities received by the detector of the instrument. Diffraction contrast, on the other hand, 
is primarily used to image crystalline materials and can be considered as the collective 
scattering of electrons by crystal planes. This mechanism is similar to X-ray diffraction in XRD 
with the difference of electrons being diffracted instead of photons. For higher resolution 
images of lattice and structure in crystalline materials, high-resolution TEM imaging 
(HRTEM) is typically employed. Unlike mass-density and diffraction contrast-based TEM 
imaging, HRTEM images are obtained via a more complex phase contrast mechanism based 
on the phase difference in electron waves received by the detector. [82] 
In this work, TEM imaging was primarily used to observe the structural features of CNTs and 
hybrid spinel-CNT materials (physical mixtures and composites). The instrument used for this 
purpose was a JEOL-2200FS TEM microscope (acceleration voltage 200kV). 
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4 RESULTS 
 
4.1. RDE characterization results 
 
In this setup, the potential was measured against a Hg/HgO electrode. In graphical 
representations, the potential was expressed in relation to the reversible hydrogen electrode 
(RHE) to simplify the comparison of obtained results with results reported in literature. The 
conversion was performed by using the following equation:  
𝑉𝑅𝐻𝐸 = 𝑉𝐻𝑔/𝐻𝑔𝑂  𝑣𝑠  𝑁𝐻𝐸 + 0.059 ∙ 𝑝𝐻𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒   (24) 
Where 𝑉𝑅𝐻𝐸 is the potential vs. the RHE electrode, 𝑉𝐻𝑔/𝐻𝑔𝑂  𝑣𝑠  𝑁𝐻𝐸is the potential measured 
against a Hg/HgO electrode, and 𝑝𝐻𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒refers to the pH of the electrolyte. 
The polarization curves for OER and ORR were iR-rectified by using EIS response curves 
obtained before each measurement. The R-value chosen for iR compensation corresponded to 
the point of lowest impedance in a non-Faradaic frequency region, where capacitive and 
inductive impedances are negligible, and the phase angle is minimal. 
Information on the obtained RDE results for all investigated samples were collected and 
compared in Appendix 2. The table includes extensive numerical data namely on onset 
potentials (defined as the potential at 𝐽 = +0.1 𝑚𝐴 𝑐𝑚−1and 𝐽 = −0.1 𝑚𝐴 𝑐𝑚−1 for OER and 
ORR, respectively), potential values at 10mA cm-1 current densities for OER and -3mA cm-1 
current densities for ORR for all synthesized samples. 
 
4.1.1. Carbon nanotubes  
 
The results of RDE measurements carried out on carbon nanotube samples are shown in  
Fig. 18. The linear sweep voltammograms display the OER and ORR activities of the two 
brands of CNTs initially investigated at three stages of synthesis: (1) no prior manipulation (as-
obtained pristine CNTs), (2) N-doping without ozone pretreatment and (3) N-doping with 
ozone pretreatment. CNTs of brand AlphaBUT exhibited superior overall electrochemical 
activity over Nanocyl for OER in terms of current density and onset potential in all three cases. 
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For AlphaBUT samples, N-doping improved current density for OER and clearly shifted the 
onset potential toward higher potential in ORR measurements. This same trend in onset 
potential shifting is visible in Nanocyl CNTs, suggesting that N-doping plays a role in 
improving the electrocatalytic properties of CNT-based materials as previously reported in 
literature [84]. However, N-doping showed no tangible effect for OER in the case of Nanocyl 
CNTs.  
 
 
 
Figure 18. RDE results for pristine CNTs, NCNT and O3 pre-treated NCNTs. (a) OER 
voltammograms of AlphaBut CNTs, (b) ORR voltammograms of AlphaBut CNTs, (c) OER 
voltammograms of Nanocyl CNTs and (d) ORR voltammograms of Nanocyl CNTs. All 
voltammograms were obtained at 1600 rpm in 0.1 M KOH, at room temperature and sweep 
rates of 5 mV/s and 10 mV/s for OER and ORR, respectively. 
 
For ORR, both brands demonstrated similar performance, with AlphaBut N-doped CNTs 
(with/without O3 pretreatment) showing a slightly earlier onset potential as compared to their 
a. 
 
b. 
c. d. 
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Nanocyl counterparts (see Fig 19.b.) The results suggest that the ozone pretreatment stage had 
a beneficial effect on the OER activity of AlphaBut CNTs, whereas the same treatment 
conditions proved detrimental for Nanocyl CNTs. Ozone treatment showed no significant 
effect on the ORR activity of both brands of CNTs (Fig. 19.a). 
The possible reasons behind the distinct behaviors of the two brands of CNTs are discussed in 
more detail in the Discussion and Conclusions section.  
 
 
 
Figure 19. Comparison of RDE results of NCNTs and O3 pre-treated NCNTs. (a) OER 
linear sweep voltammograms and (b) ORR linear sweep voltammograms. All 
voltammograms were obtained at 1600rpm at room temperature in a 0.1M KOH electrolyte 
solution and sweep rates of 5 mV/s and 10 mV/s for OER and ORR, respectively. 
 
Fig. 20 shows the cyclic voltammograms obtained for AlphaBUT CNTs before and after N-
doping (with/without the ozone treatment step). Pristine CNTs display a smooth CV profile 
with no visible redox peaks, whereas NCNTs and O3-NCNTs exhibit oxidation peaks around 
~1.1V, corresponding to the oxidation peak of Cox+. The plausible origin of cobalt on metal-
free NCNTs is discussed in Chapter 5. In addition, Fig. 20 shows a clear increase in capacitive 
current in the case of N-doped CNTs, with the largest increase observed for O3-NCNT-A as 
compared to the pristine CNT-A sample. This behavior is believed to be linked to the alteration 
of the double-layer structure after functionalization. The increased density of electronic states 
as a result of N-doping may induce local potential drops that lead to faster electron transfer 
kinetics, which in turn translates into an increase of the capacitive current observed on the 
a. 
 
b. 
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voltammogram. The difference between N-CNT-A and O3-NCNT-A may suggest that oxygen 
groups may also contribute to the capacitive current or that O3-NCNT-A has a higher density 
of surface functional nitrogen groups as a result of ozone pretreatment. [85,79] The observed 
changes in capacitive current may also originate from the functionalization-induced increase 
of the surface area in contact with the electrolyte, as the polymer creates new structures on the 
surface of the CNT that enhance the porosity of the catalyst. 
 
 
Figure 20. CVs of pristine CNTs, N-doped CNTs and O3 -pretreated CNTs (AlphaBut) at 
50 mV/s scan rate in N2-saturated 0.1M KOH electrolyte. 
 
On the basis of these results, AlphaBut CNTs were chosen as the substrate for the synthesis of 
hybrid spinel-CNT electrocatalyst materials due to their better performance under the 
experimental conditions investigated in this work. 
 
4.1.2. Co-Mn spinel oxides 
 
Fig. 21 shows the OER and ORR catalytic properties of synthesized Co-Mn spinel oxides. Four 
of the six spinel structures initially attempted were successfully synthesized. The two 
metastable phase-composition species, i.e. c-CoMn2O4 and t-Co2MnO4 spinels could not be 
obtained using the method described in Chapter 3. 
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Figure 21. Comparison of RDE results of cobalt-manganese spinel oxides. (a) OER linear 
sweep voltammograms and (b) ORR linear sweep voltammograms. All voltammograms were 
obtained at 1600rpm at room temperature in a 0.1M KOH electrolyte solution and sweep 
rates of 5 mV/s and 10 mV/s for OER and ORR, respectively. 
 
Among the investigated spinel structures, t-CoMn2O4 displayed the best electrocatalytic 
performance for ORR and c-Co2MnO4 showed the best activity for OER. These results are in 
accordance with trends reported in literature [27]. Fig. 22 shows the cyclic voltammograms 
obtained for these two spinel structures. One can observe an oxidation peak at ~1.1V vs RHE 
corresponding to Cox+ for c-Co2MnO4 that is similar to the peaks shown in Fig. 20. The higher 
current density at more positive potentials in the case of t-CoMn2O4 may indicate the presence 
of an oxidation peak, suggesting a faradaic contribution to the overall observed current density. 
However, the data remains inconclusive at the measured potential range and scan rate.  
  
b. a. 
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Figure 22. CVs of the best-performing spinel oxides for OER and ORR (c-Co2Mn and t-
CoMn2, respectively) at 50 mV/s scan rate in N2-saturated 0.1M KOH electrolyte. 
 
Both t-CoMn2O4 and c- Co2MnO4 spinels were considered for further RDE investigations on 
hybrid Co-Mn spinel-CNT electrocatalysts. 
 
4.1.3. Hybrids 
 
The objective of RDE measurements on hybrid Co-Mn spinel oxide-CNT materials was to 
explore possible synergistic effects on the bifunctional electrocatalytic performance as a result 
of combining the two classes of materials. Two distinct synthesis routes were adopted in the 
preparation of hybrid materials (see Fig. 9), yielding two types of hybrids of identical 
composition: physical mixtures and composites. Both types of hybrids electrocatalysts had a 
spinel:CNT mass ratio of 1:1 unless otherwise stated. In the case of hybrid materials, the main 
focus was on combinations of ozone pretreated CNTs with either t-CoMn2O4 or c- Co2MnO4 
spinels. 
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4.1.3.1. Physical mixtures 
 
Physical spinel oxide-CNT mixtures were prepared by dispersing CNTs and Co-Mn spinel 
oxides in ethanol at a mass ratio of 1:1. The physical mixtures were prepared by combining the 
best-performing CNT substrate with the Co-Mn spinel oxides that showed the highest 
electrocatalytic activity. 
Fig. 23 shows the polarization response curves obtained for c- Co2MnO4 + O3-NCNT (a,b) and 
t-CoMn2O4 + O3-NCNT (c,d) physical mixtures in OER and ORR potential ranges. Both 
physical mixtures displayed an earlier onset potential and higher current densities than their 
individual constituents for OER when subjected to the same experimental conditions, hence 
demonstrating a clear synergistic behavior between the two components. In the case of ORR, 
the onset potential of the physical mixtures corresponded to that of the CNT, whereas current 
density was significantly improved under the same conditions, suggesting faster ORR kinetics. 
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Figure 23. RDE results for physical spinel-CNT mixtures. (a) OER voltammogram of  
O3-pretreated NCNTs + c-Co2Mn, (b) ORR voltammogram of O3-pretreated NCNTs + c-
Co2Mn, (c) OER voltammogram of O3-pretreated NCNTs + t-CoMn2 and (d) ORR 
voltammogram of O3-pretreated NCNTs + t-CoMn2. The electrochemical activity of all 
physical mixtures is compared to that of O3-pretreated NCNTs, their corresponding Co-Mn 
spinel oxide and the benchmark reference (IrO2 for OER and Pt/C for ORR). All 
voltammograms were obtained at 1600rpm at room temperature in a 0.1M KOH electrolyte 
solution and sweep rates of 5 mV/s and 10 mV/s for OER and ORR, respectively. 
 
4.1.3.2. Composites 
 
The RDE electrocatalytic activity results for OER and ORR in the case of Co-Mn spinel oxide-
CNT composites are shown in Fig. 24. Both c-Co2Mn /O3NCNT and t-CoMn2/O3NCNT 
composites demonstrated lower overpotentials for OER as compared to their individual 
constituents and higher current densities at the 10mA cm-1 benchmark. However, both 
composite samples displayed a slightly more negative onset potential in the case of ORR, 
a. 
 
b. 
 
c. 
 
d. 
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indicating undesired effects resulting from spinel-CNT hybridization using direct dispersion of 
CNTs in the Co-Mn precursor salt solution before crystal growth. The observed effect on ORR 
activity may be attributed to the covering of electrochemically active sites on the NCNT 
substrate by spinel oxide nanoparticles as a result of stronger interaction and hence improved 
binding properties between the two components in comparison with physical mixtures.  
 
 
Figure 24. RDE results for spinel-CNT composites. (a) OER voltammogram of  
c-Co2Mn/O3NCNTs, (b) ORR voltammogram of c-Co2Mn/O3NCNTs, (c) OER 
voltammogram of t-CoMn2/O3NCNTs and (d) ORR voltammogram of t-CoMn2/O3NCNTs. 
The electrochemical activity of all composites is compared to that of O3-pretreated NCNTs, 
their corresponding Co-Mn spinel and the benchmark reference (IrO2 for OER and Pt/C for 
ORR). All voltammograms were obtained at 1600rpm at room temperature in a 0.1M KOH 
electrolyte solution and sweep rates of 5 mV/s and 10 mV/s for OER and ORR, respectively. 
 
Fig. 25 shows a comparison of the obtained ORR and OER polarization curves for physical 
mixtures and composites of identical spinel-CNT composition (1:1 mass ratio). 
a. 
 
b. 
 
c. 
 
d. 
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Figure 25. Comparison of RDE results of physical spinel-CNT mixtures and spinel-CNT 
composites. (a) OER linear sweep voltammograms and (b) ORR linear sweep 
voltammograms. All voltammograms were obtained at 1600rpm at room temperature in a 
0.1M KOH electrolyte solution and sweep rates of 5 mV/s and 10 mV/s for OER and ORR, 
respectively. 
 
Fig. 26 shows the cyclic voltammograms obtained for hybrid spinel-O3-NCNT electrocatalysts 
(physical mixtures vs. composites). In the case of c-Co2MnO4 + O3-NCNT-A and  
t-Co2MnO4/O3-NCNT-A hybrids, no significant difference was observed in the 
voltammograms, suggesting that the two synthetic approaches yielded electrocatalysts with 
similar properties in terms of surface structure and electron-transfer kinetics. As for t-
CoMn2O4-based hybrids, the larger current densities at more positive potentials for the physical 
mixture could indicate faster electron transfer kinetics or possibly the presence of an 
electrochemically active sites if the increase in anodic and cathodic current densities is 
interpreted as redox peaks in the forward and backward sweeps. 
 
a. 
 
b. 
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Figure 26. CVs of physical spinel-CNT mixtures and spinel-CNT composites at 50 mV/s 
scan rate in N2-saturated 0.1M KOH electrolyte. 
 
 
4.1.4. Electron transfer kinetics 
 
The K-L plots obtained for O3-pretreated NCNTs, the two spinel structures further used in the 
preparation of hybrid catalysts, and the Pt/C reference are presented in Fig. 27. Fig. 28 show 
the K-L plots obtained for spinel-CNT hybrids. 
 
The relationship between rotation rate and current density in the case of Pt/C exhibits no 
potential dependence and the plot intercept at all potentials is nearly zero, indicating efficient 
ORR kinetics proceeding via a four-electron pathway. The calculated n electron transfer 
number at 0.5V vs. RHE was found to be 5.0. One can note that this value is well above the 
maximum value of 4 for a four-electron transfer mechanism, which could possibly be explained 
by the presence of other parasitic reactions participating in the observed current at the given 
potential. [86] When the K-L plot of O3-NCNTs shows a slight variation in the position of the 
slope at different potentials (n = 3.5  at 0.5V vs RHE), the dependence is much larger in the 
case of t-CoMn2 and c-Co2Mn spinel oxides (n = 5.1 and n = 2.4 at 0.5V vs RHE, respectively), 
indicating sluggish electron transfer kinetics as larger overpotentials need to be applied for the 
reaction to overcome the kinetic limitations and reach the diffusion-limited current density.  
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Figure 27. Koutecky-Levich plots. (a) O3-NCNT-A, (b) 20 wt-% Pt/C, (c) t-CoMn2 and (d) 
c-Co2Mn. All measurements were performed at rotations between 400 rpm and 1600 rpm in 
O2-saturated 0.1M KOH at a sweep rate of 10 mV/s. 
 
 
a. b. 
c. d. 
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Figure 28. Koutecky-Levich plots of hybrid catalysts. (a) t-CoMn2 + O3-NCNT physical 
mixture (b) c-Co2MnO4 + O3-NCNT physical mixture, (c) t-CoMn2/O3-NCNT composite (d) 
c-Co2MnO4/O3-NCNT composite. 
 
As for hybrid electrocatalysts, no major differences were observed in the K-L plots of physical 
mixtures and their corresponding composites. The electron transfer numbers had similar values 
ranging between n = 4.1 and n = 4.9 at 0.5 V vs RHE, suggesting ORR reactions occurring via 
a direct four-electron pathway. Again, the reason behind electron transfer values above the 
maximum theoretical value is believed to originate from parallel reactions taking place at the 
potential in question. 
 
4.2. GDE measurement results 
 
Electrochemical stability measurements were carried on the c-Co2MnO4 + O3-NCNT physical 
mixture due to its superior catalytic properties according to the results obtained in the 
a. b
. 
c. d. 
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preliminary screening step. The stability test was performed by using a GDE half-cell setup in 
which the catalyst was subjected to a chronoamperometric potentiostatic step profile consisting 
of alternating potential steps between positive and negative potentials. The purpose of this 
experiment was to assess the electrochemical stability of the catalyst under charge/discharge 
cycling. Two potential steps were set so as to obtain initial current densities of ±10mA cm-1. 
The duration of each cycle was 600 seconds (300 seconds at positive potential followed by 300 
seconds at negative potential). The potentials applied to order to obtain the initial current 
density values are presented in Table 5. The synthesized catalyst was compared to a reference 
Pt/C sample and both materials were subjected to approximately 95 charge/discharge cycles. 
The results of the stability test are shown in Fig. 29. 
 
Table 5. Potentials applied to the GDE in chronoamperometric measurements. 
Catalyst material 
 
Positive potential (OER) 
E (V) vs. RHE 
Negative potential (ORR) 
E (V) vs. RHE 
c-Co2Mn + O3-NCNT-A +1.55 +0.70 
20 wt-% Pt/C +1.34 +0.78 
 
 
The chronoamperometric response curve (Fig. 29) shows that the c-Co2Mn + O3-NCNT 
physical mixture clearly outperforms the reference Pt/C catalyst in terms of cycling stability. 
The reason behind the poor electrochemical stability of Pt/C upon cycling lies in the dissolution 
and redeposition of platinum particles during cycling, leading to a gradual detachment and loss 
of active material, subsequently causing a loss in recorded current density [87]. In the case of 
the spinel-NT hybrid, the increased cathodic and anodic current densities after cycling seem to 
suggest that the electrocatalytic activity of the c-Co2Mn + O3-NCNT physical mixture 
improves over time. However, the interpretation of the results remains difficult because this 
effect may be attributed to factors not directly related to the catalytic performance of the 
electrocatalyst itself. 
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Figure 29. Chronoamperometric response curves of c-Co2Mn + O3-NCNT physical 
mixture and reference Pt/C. The measurements were performed in 6M KOH electrolyte at 
30 °C. The magnetic stirrer was set to 300 rpm. 
 
One plausible explanation for the improved current density profile after cycling may be the 
occurrence of morphological changes within the catalyst layer leading to increased porosity 
and better oxygen diffusion properties within the layer. A second possible justification for the 
increase in current density after cycling may be the corrosion of carbon contained within the 
gas diffusion layer. The brown coloration of the electrolyte after stability tests in both cases 
(investigated spinel-CNT hybrid catalyst and Pt/C reference) hints at the latter explanation (see 
Fig. 30). 
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Figure 30. Picture of GDE setup after stability test. The brownish coloration of the 
electrolyte could indicate carbon corrosion. 
 
Although results suggest that the c-Co2Mn + O3-NCNT physical mixture is more 
electrochemically stable than the reference Pt/C catalyst under the conditions applied in this 
work, the poor stability of the gas diffusion layer complicates data interpretation and definitive 
conclusions are difficult to draw from the obtained results.  
 
4.3. Physicochemical characterization 
 
4.3.1. Carbon nanotubes 
 
Fig. 31 shows the Raman spectra obtained for CNT-A nanotubes throughout functionalization 
steps. All CNTs were found to exhibit the characteristic peaks typically associated with CNTs, 
i.e. the D-band, the G-mode and the G’-mode. The results show that the 𝐼𝐷/𝐼𝐺  ratio used to 
describe the extent of structural disorder or, in other words, the defect density of the studied 
CNTs, increases after ozone pretreatment, indicating an increase in the density of defects as a 
result of ozone-treatment. Ozone-pretreated N-doped CNTs have a slightly lower 𝐼𝐷/𝐼𝐺  ratio 
compared to their non-nitrogen-doped counterparts, suggesting a decrease in structural 
disorder. [83] 
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Figure 31. Raman spectra of CNTs (AlphaBUT) at different stages of 
functionalization at excitation wavelength of 632.8 nm. Pristine CNTs (black), O3-CNTs 
prior to N-doping (red), O3-NCNTs after N-doping (blue) and NCNTs (green). 
 
The general results of the XPS analysis carried out on CNT-A samples are presented in  
Fig. 32. The XPS results for N 1s, O 1s, C 1s, Cl 2p, S 2p and Co 2p are presented in Table 6. 
 
Figure 32. XPS spectra of CNTs (AlphaBUT) at different stages of functionalization. 
Pristine CNTs (black), O3-CNTs prior to N-doping (red), O3-NCNTs after N-doping (blue) 
and NCNTs (green). 
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Table 6. XPS results in atomic percentages for selected elements for CNT-A. 
Sample Pristine CNT O3-CNT O3-NCNT NCNT 
N 1s 0.00 0.00 2.40 2.14 
O 1s 0.54 1.84 1.34 0.95 
C 1s 99.43 98.13 96.02 96.75 
Cl 2p 0.03 0.03 0.03 0.00 
S 2p 0.00 0.00 0.00 0.07 
Co 2p 0.00 0.00 0.21 0.09 
 
 
A comparison between the surface functional groups present in CNTs before and after ozone 
treatment and nitrogen doping reveal clear trends in accordance with expectations. In the case 
of oxygen groups, a clear increase in peak intensity is visible in ozone-treated CNTs (1.84 at-
% and 1.34 at-% for O3-CNTs and O3-NCNTs, respectively) as compared to the pristine CNTs 
(0.54 at-%). The slight decrease in peak intensity in O3-NCNTs compared to O3-CNTs before 
N-doping may arise from the desorption of surface-adsorbed oxygen species during pyrolysis 
[88].  
Pristine CNTs and O3-preteated CNTs show no presence of nitrogen groups prior to N-doping. 
Both N-doped CNTs (with and without ozone pretreatment) display clear nitrogen peaks, 
indicating successful bonding of nitrogen moieties on the surface of CNTs during pyrolysis. In 
an attempt to understand the possible link between the nature of nitrogen groups and 
differences in catalytic activity, a peak deconvolution was performed for N 1s peaks (Fig. 33) 
in the case of N-doped CNTs (with and without ozone pretreatment). The atomic percentages 
of N 1s groups in O3-CNTs and O3-NCNTs were found to be 2.14-% and 2.40 at-%, 
respectively (see Table 7). The increase in nitrogen content in the case of O3-NCNTs can be 
attributed to the improved incorporation of nitrogen groups in the CNT structure as a result of 
the increased ozone-induced defect density. Interestingly, O3-NCNTs were found to contain 
approximately 42% more pyridinic nitrogen moieties compared to NCNTs with no prior O3-
pretreatment (29.4 at-% vs. 41.8 at-% of total N-content, respectively), whereas quaternary 
oxygen decreased by more than 17% in O3-NCNTs compared to NCNTs (61.1 at-% vs. 50.4 
at-%, respectively). This difference may provide an explanation to the origin of the dissimilar 
  
84 
 
electrocatalytic behaviors of O3-CNTs and O3-NCNTs. This point is discussed in more detail 
in Chapter 5. 
 
 
   
Figure 33.  N1s XPS spectra of AlphaBUT NCNTs with (a) and without (b) O3-
pretreatment. Deconvoluted pyridinic nitrogen peak at 398.4 eV (dark blue), quaternary 
nitrogen peak at 400.7 (400.8) eV (light blue) and pyridinic N-oxide peak at 402.6 (402.9) eV 
(green). 
 
Table 7. Atomic percentages of nitrogen moieties for NCNTs and O3-NCNTs. 
N-groups 
NCNT O3-NCNT 
Peak 
position 
(eV) 
Atomic 
% of N-
groups 
Total 
atomic % in 
sample 
Peak 
position 
(eV) 
Atomic 
% of N-
groups 
Total atomic 
% in sample 
Pyridinic N 398.4 29.4 0.6 398.4 41.8 1.0 
Quaternary 
N 
400.7 61.1 1.3 400.7 50.4 1.2 
Pyridinic 
N-oxide 
402.9 9.6 0.2 402.6 8.0 0.2 
Total (%) - 100.1 2.1 - 100.2 2.4 
 
 
a. 
 
b. 
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In addition to nitrogen and oxygen groups, XPS also revealed the presence of chlorine, sulfur 
and cobalt species. Chlorine and sulfur impurities are believed to originate from the synthesis 
process for N-doping, and cobalt possibly arises from impurities present in the tube furnace as 
it is not initially present in pristine CNTs. The Cox+ oxidation peaks visible in the CVs of N-
doped CNTs also seem to support this hypothesis. 
Fig. 34 shows the TEM images obtained for an O3-treated NCNT-A sample. Darker spots are 
attributed to the presence of precursors arising from the synthesis of CNTs. The CNTs were 
found to have thick walls (some more than 30 walls) with a diameter distribution ranging from 
approximately 20 nm to 50 nm. 
 
  
Figure 34. TEM images of O3-treated NCNT-A at (a) Low magnification and (b) high 
magnification. 
 
4.3.2. Spinels 
 
The SEM images (Fig. 35) of the two best-performing types of spinel oxides investigated in 
this work show partially fused nanoparticles of 10-20 nm in diameter. SEM images of the 
synthesized spinel oxides revealed unevenly dispersed agglomerations of particles, possibly 
owing to their magnetic properties [89]. Among the ‘islands’ of particles, both materials were 
also found to form larger crystalline structures (see example of nanostructure morphology in 
Fig. 36.d.). 
 
a. 
 
b. 
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Figure 35. SEM images of t-CoMn2O4 and c-Co2MnO4 spinels. (a, b) t-CoMn2O4 spinels 
at 10K and 100K magnifications, respectively. (c, d) c-Co2MnO4 spinels at 20K and 100K 
magnifications, respectively. 
 
Fig. 36 and Fig. 37 show EDX results obtained for t-CoMn2 and c-Co2Mn spinel oxides, 
respectively. The elemental maps reveal an even dispersion of cobalt, manganese and oxygen 
throughout the regions studied for both samples. The atomic ratios for cobalt and manganese 
in both samples correspond to the ratios endeavored during the synthesis, indicating successful 
control over Co-Mn spinel oxide composition.  
c. 
 
d. 
 
5µm 500 nm 
2 µm 500 nm 
a. 
 
b. 
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Figure 36. EDX results for t-CoMn2 spinel oxides. (a-c) Elemental maps of cobalt, 
manganese and oxygen, respectively. (b) SEM image of t-CoMn2 sample. (e) EDX spectrum 
of t-CoMn2 sample. 
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Figure 37. EDX results for c-Co2Mn spinel oxides. (a-c) Elemental maps of cobalt, 
manganese and oxygen, respectively. (b) SEM image of t-CoMn2 sample. (e) EDX spectrum 
of t-CoMn2 sample. 
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Fig. 38 shows the obtained XRD spectra of t-CoMn2 and c-Co2Mn spinel oxide samples (blue 
line) compared to their ICSD references (red lines). The peaks in both cases are relatively wide 
and not sharply defined. This issue may be attributed to the small size of crystallites in the 
samples and mild synthetic conditions. The differences in relative peak intensities between the 
measured XRD spectra and the reference spectra may indicate preferential crystal orientations 
in the sample.  
 
  
Figure 38. XRD spectra of (a) t-CoMn2O4 and (b) c-Co2MnO4 spinels. The blue spectra 
correspond to experimental XRD results obtained in this work and the red stick plots are 
reference peak positions. 
 
4.3.3. Hybrids 
 
Fig. 39 portrays SEM images of the prepared hybrid Co-Mn spinel-O3-NCNT samples. In all 
cases, the structure is visibly porous and the dispersion of spinels within the CNT matrix 
appears to be homogeneous. No significant morphological differences between physical 
mixtures and their composite counterparts were observed. However, in the case of t-CoMn2-
based hybrids, Co-Mn nanoparticles appeared to form clusters of partially fused particles, 
whereas for c-Co2Mn-based hybrids, spinels were found to form flat, flake-like structures. 
a. 
 
b. 
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Figure 39. SEM images of synthesized spinel-CNT hybrid electrocatalysts. (a) t-CoMn2 + 
O3-NCNT physical mixture, (b) t-CoMn2/O3-NCNT composite, (c) c-Co2Mn + O3-NCNT 
physical mixture and (d) c-Co2Mn/ O3-NCNT composite. 
 
TEM images of the same hybrid catalysts (Fig. 40) revealed similar structural properties to the 
ones obtained from SEM images. The Co-Mn spinel oxide nanoparticles were clearly organized 
into clusters, suggesting a lack of uniformity in the dispersion of nanoparticles on the CNT 
substrate. High-resolution TEM revealed clearly defined crystalline domains within the Co-
5 µm 5 µm 
5 µm 5 µm 
a. 
 
b. 
 
c. 
 
d. 
 
500 nm 
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Mn nanoparticles (see magnified bubbles in Fig. 40). These domains were typically around 10 
nm in diameter or less, which is in good agreement with the expected particle size.  
 
 
Figure 40. TEM images of synthesized spinel-CNT hybrid electrocatalysts. (a) t-CoMn2 
+ O3-NCNT physical mixture, (b) t-CoMn2/O3-NCNT composite, (c) c-Co2Mn + O3-NCNT 
physical mixture and (d) c-Co2Mn/ O3-NCNT composite. 
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5 DISCUSSION AND CONCLUSIONS 
 
 
Due to the large number of discussion points, this chapter is organized into subsections 
focussing on different aspects of the research outcomes. First, a summary of findings is 
presented in which the key results are outlined briefly. Electrochemical and physicochemical 
characterization results are discussed in the following section. On the basis of these outcomes, 
a number of strategies for the further improvement of electrocatalytic activity of the 
synthesized catalysts are suggested in the section on recommendations for future work.  
 
5.1. Summary of findings 
 
In this thesis work, the electrocatalytic and structural properties of two classes of 
electrocatalysts, i.e. CNTs and Co-Mn spinel oxides, were investigated for secondary zinc-air 
battery applications. Both classes of materials were studied separately and in the form of hybrid 
compounds comprising of both CNTs and Co-Mn spinel oxides. The main objective of this 
work was to synthesize efficient and stable bifunctional electrocatalysts for oxygen reduction 
and oxygen evolution reactions. Electrochemical characterization results using RDE showed 
that among CNTs, O3-NCNTs performed best for ORR and OER, among Co-Mn spinel oxides 
t-CoMn2O4 spinels had the best ORR activity whereas c-Co2MnO4 spinels exhibited the best 
performance for OER. Overall, the c-Co2Mn + O3-NCNT physical mixture outperformed all 
other electrocatalyst materials investigated in this work. The stability test carried out using a 
GDE setup seems to suggest that the c-Co2Mn + O3-NCNT hybrid is more stable than the state-
of-the-art Pt/C catalyst under the studied experimental conditions, but a definitive verdict on 
the stability of the material remains difficult to present due to degradation issues of the GDE 
setup itself.  
On a general note, physicochemical characterization results showed that the different materials 
studied in this work were successfully synthesized. Ozone-treatment proved to be an effective 
pre-functionalization step for increasing the number of defects in CNTs prior to N-doping. 
CNTs were successfully N-doped using the method described in ref [77], and phase and 
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composition-controllable Co-Mn spinel oxide nanocrystals were obtained by adopting a two-
step synthesis similar to the method outlined in ref. [18] with the exception of two metastable 
phases. 
 
5.2. Electrocatalyst characterization results 
 
Among the two brands of CNTs initially investigated, CNTs of brand AlphaBUT were found 
to have better electrocatalytic activity for both ORR and OER. Interestingly, the CNTs behaved 
differently when subjected to ozone treatment and N-doping. In the case of CNT-As, ozone 
pre-treatment and N-doping clearly improved the OER activity in both cases, whereas the OER 
activity of CNT-Ns was found to decrease significantly after the same ozone pre-treatment and 
N-doping had no observable effect on the OER activity of the NCNT-N catalyst. One possible 
explanation for this difference in electrocatalytic behaviours could be associated with intrinsic 
structural differences between the two brands of nanotubes, namely in the number of walls. 
TEM images of CNTs of brand AlphaBut revealed thick-walled nanotubes (around 30 walls) 
whereas CNTs of brand Nanocyl had significantly thinner walls in comparison (typically less 
than 10 walls [77]). This distinction could explain why ozone pre-treatment was effective in the 
case of CNT-As but destructive for CNT-Ns. These results are well in accordance with 
literature and highlight the importance of optimizing the ozone treatment time for a structure-
adapted defect control step. [63,90] 
For ORR, N-doping had a clear positive effect on the onset potential of the reaction for both 
brands of CNTs (in comparison with the activity of pristine CNTs). On the other hand, ozone 
pre-treatment did not affect ORR activity in neither case. The unilateral effect of ozone 
oxidation on the bifunctional activity of N-doped CNTs is believed to be related to the nature 
of nitrogen groups in ozone-treated and non-ozone-treated CNTs. In a recent study by Yang et 
al. [45], quaternary-type nitrogen moieties were reported to behave as electron donors, serving 
as active sites for ORR, and pyridinic nitrogen groups were found to facilitate OER.  XPS 
results showed a significantly larger relative increase (+42%) in the amount of pyridinic 
nitrogen groups for O3-NCNTs as compared to NCNTs, whereas quaternary nitrogen groups 
were found to be less abundant in O3-NCNTs than in NCNTs (-17%), albeit the difference was 
not as pronounced as in the case of pyridinic nitrogen. These results seem to support the 
findings of Yang et al. on the role of nitrogen doping and the nature of active sites in 
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determining the electrocatalytic properties of N-doped CNTs. A slight increase in the 
𝐼𝐷/𝐼𝐺 ratio in O3-treated CNTs before and after N-doping was observed in the obtained Raman 
spectra compared to pristine CNTs, indicating an increase in the number of structural defects 
and suggesting that the ozone-assisted oxidation of CNTs was carried out successfully. These 
results are further supported by TEM images showing defect-rich, often uncapped CNTs, 
which are typical signs of ozone oxidation [63]. Due to the possible presence of amorphous 
carbon in CNT samples, the changes in the 𝐼𝐷/𝐼𝐺 ratio can also be related to changes in the 
amorphous carbon content in addition to the increase in defect density, as both affect the D-
band intensity. Due to this factor, the results from Raman spectroscopy require critical 
interpretation. 
Cobalt-manganese spinel oxides of different phases and compositions were synthesized using 
a simple two-step oxidation precipitation/solvothermal method. Of the six types of spinel 
oxides attempted, t-Co2MnO4 and c-CoMn2O4 spinel structures could not be obtained using 
this synthetic route. The reason behind this is the metastable nature of the two species at room 
temperature, rendering their synthesis difficult. Powder XRD was used for phase identification 
of the synthesized spinel species and EDS analyses were performed to confirm the elemental 
composition of the samples. XRD patterns displayed broad peaks and low intensities due to the 
small size of crystallites and the high degree of disorder as a result of mild synthetic conditions. 
SEM images of the two best spinel candidates for ORR and OER, i.e. t-CoMn2 and c-Co2Mn 
spinel oxides revealed uneven agglomerations of particles of nanometer-scale dimensions for 
both types of spinel oxides, in addition to larger crystalline structures. TEM images of the  
Co-Mn nanoparticles showed clear crystalline regions of sub-10 nm dimensions, indicating the 
successful synthesis of crystalline nanoparticles close to the desired dimensions. However, 
TEM images also confirmed the strong predisposition of Co-Mn spinel oxides to form partially 
fused clusters of nanoparticles. This behavior can be explained by the high surface energy of 
nanoparticles and hence their high reactivity owing to their small size and large surface-to-
volume ratio [91]. Another possible reason for the observed agglomeration of Co-Mn 
nanoparticles is the magnetic properties of spinel oxides. [89] 
The prepared t-CoMn2O4 spinels were shown to perform best for ORR and c-Co2MnO4 spinels 
were found to have the highest electrocatalytic activity in the OER regime. The results indicate 
that the electrocatalytic activity of Co-Mn spinels is both phase and composition-dependent. 
These results are in good agreement with the electrocatalytic activity trends in similar studies 
recently reported in literature [18,27]. However, the electrocatalytic activity of the two spinel 
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species for ORR was slightly lower than the reported activity in ref. [18]. The lower activity of 
Co-Mn spinel oxides reported in this work may be due to the agglomeration of the 
nanoparticles, which is believed to have caused a partial loss of electrochemically active 
catalytic sites in the prepared materials.  
Hybrid Co-Mn spinel-CNT electrocatalysts were prepared by combining the best-performing 
materials from the two classes of electrocatalysts studied in this work into hybrid structures in 
order to explore possible synergies between Co-Mn spinel oxides and CNTs. Two different 
approaches were adopted to yield identical compositions (same spinel:CNT ratio) of hybrid 
catalysts and the resulting materials were classified as physical mixtures or composites 
depending on the method used. This distinction in preparation routes was carried out to 
investigate possible differences in electrocatalytic activity of the hybrids related to synthetic 
aspects.  
The electrochemical characterization of hybrid materials showed that the best-performing 
hybrid material with superior bifunctional properties was the c-Co2Mn + O3-NCNT physical 
mixture. TEM and SEM imaging of the hybrid materials revealed porous morphologies, which 
is generally a desirable property as it allows oxygen to diffuse within the structure and hence 
allows for ORR and OER reactions to take place. Spinel nanoparticle agglomeration was 
observed in all hybrid samples, exhibiting relatively large segregated regions on unevenly 
distributed spinel oxide nanoparticles. XPS results showed that N-CNTs and O3-NCNTs 
contained trace amounts of cobalt. It is believed that the contamination occurred during the N-
doping step as no cobalt was found in CNTs before N-doping. The effect of trace amounts of 
cobalt on the overall electrocatalytic activity of N-CNTs remains a question. 
The stability of the c-Co2Mn + O3-NCNT hybrid was evaluated and benchmarked against Pt/C 
using a GDL half-cell configuration. The results suggest that c-Co2Mn + O3-NCNT is relatively 
stable in the potential range studied. However, due to corrosion issues of the GDL, the results 
are difficult to interpret with certainty. 
The electrocatalytic activity of spinel-CNT catalysts prepared in this work was found to exhibit 
clear synergetic effects in almost all cases. This trend is especially true for the OER activity of 
hybrid catalysts, as all showed a lower overpotential for the onset of the reaction, and generally 
reached a current density of 10 mA cm-1 at lower overpotentials compared to each component 
individually. The results in relation to synergies between the two components were more 
ambiguous in the case of ORR activities. While diffusion-limited current densities were 
  
96 
 
typically higher under identical experimental conditions, the onset potential of hybrid 
electrocatalysts was inferior to that of CNTs. The physical spinel + O3-NCNT mixtures were 
found to perform slightly better than their composite counterparts of analogous composition in 
RDE measurements. One possible explanation for this observed difference is the stronger 
interaction between spinel nanoparticles and the CNT substrate as a result of the direct 
dispersion of CNTs in the precursor Co-Mn salt solution prior to nanoparticle nucleation and 
growth. For this reason, it is believed that spinel nanoparticles are embedded deeper within the 
CNT matrix, hence partially covering active sites for ORR and OER. 
The color-coded numerical parameters presented in Appendix 3 provide information on the 
general trends in electrocatalytic performance for all materials investigated in this work. The 
table is aimed at providing a visual tool for the assessment of activity trends within and across 
different groups of electrocatalysts. According to these data, blending Co-Mn spinels and 
CNTs visibly improves the overall electrocatalytic activity. Spinels are shown to have the 
poorest electrochemical activity in comparison among all groups of electrocatalysts, which is 
an area that clearly requires improvement if more efficient bifunctional spinel-CNT 
electrocatalysts are to be synthesized. The bifunctional activity parameter, denoted 
“Δ(OER(10)-ORR(3))”, refers to the potential difference between the potential at which current 
density reaches 10 mA cm-1 in the OER region and the potential at which it is equal to  
-3 mA cm-1 in the ORR-active region. This parameter was used to assess and compare the 
overall performance of all catalysts investigated in this work. The results indicate that 
 c-Co2Mn + O3-NCNT has the lowest Δ(OER(10)-ORR(3)) value (0.86 V), indicating superior 
bifunctional catalytic activity and thus supporting earlier discussion points. The 
 Δ(OER(10)-ORR(3)) values for state-of-the-art reference catalysts were determined to be 0.84 
V and 0.97 V for Pt/C and IrO2, respectively. CNTs had parameter values around ~1 V and 
spinels had considerably larger potential brackets in the order of ~1.5 V. Hybrid spinel-CNT 
materials generally had Δ(OER(10)-ORR(3)) parameter values between 0.86 V and 1.01 V. 
Similar trends are visible in the case of onset potentials. One can see that the bifunctional 
activity parameter of the best-performing spinel-CNT hybrid electrocatalyst is very close to 
that of Pt/C and better than that of IrO2. Based on this parameter, the bifunctional catalytic 
activity of c-Co2Mn + O3-NCNT is highly comparable to recently reported results on several 
M-N-C hybrids. [37,92-95] 
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5.3. Recommendations for future work 
 
Based on the key points discussed above, several improvement possibilities are worthy of 
consideration for the enhancement of the bifunctional catalytic activity of the spinel-CNT 
hybrid electrocatalysts. Concerning synthesis methodologies, it is clear that the agglomeration 
of spinel oxide nanoparticles remains one of the main challenges to be solved. To address this 
issue, surfactants could be incorporated into the synthesis of spinels in order to minimize 
attraction forces between the particles and to enhance their stability. The addition of surfactants 
is expected to improve the dispersion of spinel oxide nanoparticles through exposure of 
additional active catalytic sites for ORR and OER. In the case of ozone-treatment of CNTs, the 
effectiveness of the pre-functionalization step seems to strongly correlate with the structural 
properties of the nanotubes. It is therefore essential to optimize ozone treatment time to match 
the CNTs at hand in order to engineer the desired defect density without irreversibly hindering 
charge transfer properties of the CNTs. For hybrid Co-Mn spinel-CNT catalysts, the 
electrochemical activities of different spinel:CNT ratios could be explored in order to pinpoint 
the optimal composition for ideal synergetic bifunctional activity.  
For stability tests, a more stable GDL material that is able to withstand large potential 
differences and remain chemically and mechanically stable under the corrosive conditions of 
the electrolyte is essential for reliable results over a longer time period. An interesting solution 
to this issue was recently demonstrated by Chen et al. [96] in which a self-standing mesoporous 
Co3O4 nanowire array catalyst was deposited on top of a stainless steel current collector mesh. 
This configuration was employed in a full battery setup and was shown to improve battery 
cyclability without significantly affecting charge and discharge potentials. The carbon-based 
GDL could be replaced by a similar structure in order to improve the overall stability of the 
cell. However, this implies that the wetting properties of the catalyst would need to be adjusted 
to avoid electrolyte leakage. 
In order to better understand the electron transfer pathway through which ORR reactions 
proceed in the investigated electrocatalysts, rotating ring disk electrode (RRDE) measurements 
could be carried out for a more precise assessment of reaction kinetics and to shed light on 
charge transfer mechanisms. 
As a next step, the catalysts could be incorporated into a functional zinc-air battery in order to 
assess their performance under real operational conditions. 
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5.4. General conclusions 
 
The electrocatalysts synthesized and characterized in this work were shown to exhibit relatively 
good bifunctional electrocatalytic properties as compared with similar materials recently 
documented in literature. A preliminary stability test seems to suggest that c-Co2Mn + O3-
NCNT undergoes minimal structural degradation upon cycling when compared to the Pt/C 
benchmark reference. The synthesis methods used in this thesis are simple and straightforward. 
The modularity of the synthetic routes offers great flexibility in terms of scalability of the 
processes and present an opportunity for the commercial-scale production of catalysts for zinc-
air battery applications, assuming that the remaining challenges discussed in this chapter be 
tackled adequately. Moreover, the catalysts in question could be manufactured at a fraction of 
the cost incurred by platinum-based catalysts, presenting an additional competitive advantage. 
To conclude, electrocatalysts based on cobalt-manganese spinel oxides and CNTs show great 
promise for the development of efficient bifunctional oxygen electrocatalysts for reversible 
zinc-air battery applications. 
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Appendix 1. List of investigated catalyst materials. 
 
1. Pristine CNTs 
i. CNT-N (Nanocyl) 
ii. CNT-A (AlphaBut) 
2. N-functionalized CNTs 
i. NCNT-N 
ii. NCNT-A 
3. O3 pretreated N-functionalized CNTs 
i. O3-NCNT-N (30) 
ii. O3-NCNT-A (30) 
iii. O3-NCNT-A (60) 
4. Co-Mn spinel oxides  
i. c-CoMn2 
ii. t-CoMn2 
iii. c-Co1.5Mn1.5 
iv. t- Co1.5Mn1.5 
v. c-Co2Mn 
vi. t-Co2Mn 
vii. t-CoMn2 (annealed at 250°C for 4 hours) 
viii. t-CoMn2-60 (hydrothermal reaction time 60 minutes instead of 50 minutes) 
ix. CoMn2 + Co2Mn (ratio 1:1) 
5. Physical spinel oxide + CNT mixtures (ratio 1:1) 
i. c-CoMn2 + O3-NCNT-A 
ii. t-CoMn2 + O3-NCNT-A 
iii. c-Co2Mn + O3-NCNT-A 
iv. t-Co2Mn + O3-NCNT-A 
v. t-CoMn2 + NCNT-A 
vi. t-Co2Mn + NCNT-A 
vii. CoMn2 + Co2Mn + NCNT-A (ratio 1:1:2) 
viii. CoMn2 + Co2Mn + O3-NCNT-A (ratio 1:1:2) 
6. Spinel/CNT composites 
i. t-CoMn2 /O3-NCNT-A 
ii. t-Co2Mn/O3-NCNT-A 
7. Reference materials 
i. 20wt% Pt/C 
ii. IrO2  
  
ii 
 
Appendix 2. Consolidated numerical data for performance comparison of bifunctional oxygen electrocatalytic activity. 
 
Table A2. Results of RDE measurements for all investigated samples 
 ORR onset (V) at 
J=-0.1mA/cm2 
 E (ORR) in V at J=-
1mA/cm2 
 E (ORR) in V at 
J=-3mA/cm2 
 OER onset (V) at 
J=0.1mA/cm2 
 E (OER) in V at 
J=10mA/cm2 
state-of-the-art
Pt/C 20% 0.98 0.93 0.89 1.40 1.73 0.42 0.84 0 0 0 50 230
IrO2 0.67 0.57 0.53 1.35 1.50 0.68 0.97 - 360 360 0 0
CNTs
Pristine CNT-N 0.77 0.71 0.65 1.60 - 0.83 - 210 220 240 250 -
Pristine CNT-A 0.74 0.67 0.60 1.60 1.74 0.86 1.14 240 260 290 250 240
NCNT-N 0.82 0.77 0.71 1.60 - 0.78 - 160 160 180 250 -
NCNT-A 0.84 0.80 0.74 1.58 1.72 0.74 0.98 140 130 150 230 220
O3-NCNT-N 0.83 0.78 0.72 1.64 - 0.81 - 150 150 170 290 -
O3-NCNT-A 0.84 0.80 0.73 1.60 1.71 0.76 0.98 140 130 160 250 210
Spinels
c-CoMn2 - - - - - - - - - - -
t-CoMn2 0.70 0.56 0.24 1.59 1.74 0.89 1.50 280 370 650 240 240
c-CoMn 0.66 0.55 0.22 1.63 1.79 0.97 1.57 320 380 670 280 290
t-CoMn 0.67 0.56 0.18 1.63 1.76 0.96 1.58 310 370 710 280 260
c-Co2Mn 0.65 0.53 0.17 1.59 1.70 0.94 1.53 330 400 720 240 200
t-Co2Mn - - - - - - - - - - - -
t-CoMn2 + t- Co2Mn 0.68 0.54 0.22 1.59 1.74 0.91 1.52 300 390 670 240 240
Annealed t-CoMn2 0.68 0.53 0.28 1.64 1.77 0.96 1.49 300 400 610 290 270
Sp + CNT (phys. Mix.)
t-CoMn2 + O3(30)N-FWNT 0.83 0.79 0.75 1.51 1.69 0.68 0.94 150 140 140 160 190
t-Co2Mn + O3(30)N-FWNT 0.88 0.80 0.77 1.36 1.63 0.48 0.86 100 130 120 10 130
t-CoMn2 + t-Co2Mn + O3(30)N-FWNT 0.84 0.80 0.76 1.42 1.66 0.58 0.90 140 130 130 70 160
t-CoMn2 + N-FWNT 0.83 0.77 0.68 1.53 1.69 0.70 1.01 150 160 210 180 190
t-Co2Mn + N-FWNT 0.84 0.79 0.73 1.4 1.64 0.56 0.91 140 140 160 50 140
t-CoMn2 + t-Co2Mn + N-FWNT 0.84 0.79 0.74 1.48 1.64 0.64 0.90 140 140 150 130 140
Sp/CNT composites
t-CoMn2/O3(30)N-FWNT 0.82 0.78 0.70 1.50 1.71 0.68 1.01 160 150 190 150 210
t-Co2Mn/O3(30)N-FWNT 0.84 0.79 0.75 1.42 1.62 0.58 0.87 140 140 140 70 120
Material
η ORR(-3) 
mV
η OER(0) 
mV
η OER(10) 
mV
ΔE (OER(10)-
ORR(3))
ORR @1600rpm OER @1600rpm
ΔE (OER(0)-
ORR(0))
η ORR(0) 
mV
η ORR(-1) 
mV
  
 
 
 
